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ABSTRACT 
Respiratory Development of Two Teleost Fish, Oncorhynchus mykiss and 
Scophthalmus maximus during Their Early Life History. 
Mark Christopher Burdass 
The respiratory development of two species of teleost, Oncorhynchus 
mykiss and Scophthalmus maximus was investigated to identify any 
possible periods of reduced respiratory fitness during early 
development. The two species were selected because of their different 
development strategies to allow any common factors in respiratory 
development to be identified. 
The study included determination of the respiratory oxygen demand and 
the critical oxygen tension (Pc) through early development for both 
species. Respiratory oxygen demand was measured as a routine rate 
(rVOz) with individual and weight specific values being determined. 
The main respiratory surface areas for both species were measured, 
this included the gills; body area; fin area and yolk-sac area in the 
case of Q.:_ my kiss. Changes in the rate of development was monitored 
by determining the mass and length specific development relationships. 
Significant changes in body fin and yolk-sac area occurred at 
approximately 70mg yolkless wet weight. for Q.:_ mykiss, gill area 
development was found to change at approximately llOmg. Similar 
changes in rate of fin and body area occurred for S. maxim us at 
approximately 3.5mg wet weight, while gill development changed at 
6.8mg. 
The change in epidermal thickness was measured during the 
development of S. maxim us larvae and fry. During the larval 
development fin and body epithelium were significantly different up to 
4.6mg wet weight with fin area being significantly thinner. Epidermal 
thickness increased from 2llm to 23llm over the 35 day period of 
monitoring. The degree of vascularisation of the yolk-sac of Q.:_ my kiss 
larvae was measured and found to remain relatively constant at 
approximately 41%. up to 70mg wet weight before declining. Mean 
minimum diffusion distances increased from approximately 13. 5llm to 
35llm over the life-span of the yolk-sac. The change in erythrocyte 
type was also monitored during this period and found to decline in a 
similar manner to yolk-sac area. 
Q.:_ mykiss larvae reared under hypoxic conditions showed reductions in 
growth towards the end of the period of endogenous feeding, as well as 
increased development of gill are;:i ,and increased levels of 
vascularisation (up to 10%) of the yolk-sac. compared to normoxic reared 
larvae. A study of the effects of removal. of .the. respiratory pigment at 
different stages of development was also undertaken. This allowed the 
significance of haemoglobin during development of both species of fish 
to be estimated. Respiratory fitness .. was ,inhibited in both species with 
reductions of up to 2mg0z/l in the Pc for Q.:_ my kiss, and 2. 5mg0z/l for 
S. maxim us. However, S. maxim us showed a high level of dependence 
on haemoglobin for gaseous exchange ·during a short phase of 
development from 9.5 to 15mg wet weight were removal of haemoglobin 
caused 100% mortality in treated fish. · 
Overall the study showed the low level of respiratory flexibility of S. 
maximus when compared to Q.:_. mykiss, especially during early 
development. This must have significant importance for the intensive 
mass culture of the larvae of this species. The important role cutaneous 
respiration plays during the early development of both species was also 
highlighted. 
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Phenylhydrazine. ( p. 350) 
Figure 132. Specific Oxygen Consumption for S. maximus Untreated with 
Phenylhydrazine. ( p. 351) 
Figure 133. Summary Diagram of the Changes occurring in the 
Respiration and Respiratory Surfaces of 0. my kiss up to 200mg in size. 
(p.368) 
Figure 134. Summary Diagram of the Changes occurring in the 
Respiration and Respiratory Surfaces of S. maxim us up to 20mg in size. 
(p.369) 
Figure 135. Summary Diagram of the Changes occurring in the 
Respiration and Respiratory Surfaces of Q.:. mykiss up to 200mg in size. 
Reared Under Normoxic and Hypoxic Conditions. (p.370) 
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GENERAL INTRODUCTION 
During the development of fish major changes occur in both the 
morphology and physiology (see reviews by Blaxter, 1988, Romborough, 
1988b). The rate at which these changes occur is at its greatest during 
the early development of fish. The larvae of many species of fish 
undergo radical changes in their size, morphology, physiology and 
nutrition. As these changes progress the fish often changes its lifestyle 
and behaviour. The early period of the life of these fish is often the 
most sensitive to environmental disturbance and for successful 
progression, 
requirements. 
these fish often have stringent environmental 
It is thought that developing fish larvae undergo periods of 
development when they are especially vulnerable to changes in specific 
parameter such as prey density and water quality conditions and this 
has been investigated by a number of workers. Hjort ( 1914) proposed 
the "critical period" hypothesis for larval fish in relation to prey 
density as a possible explanation for the changes in the strength of 
year cohorts of marine fish species. The main emphasis of the study of 
these critical periods has been on the transition from endogenous 
feeding to exogenous feeding. During this period of development the 
larvae are at their most vulnerable to shortages in food organisms. This 
transitional period from one feeding mode to another requires significant 
developments in the morphology and physiology of the larvae, There is 
therefore the possibility that physiological parameters during this phase 
of development may affect the efficiency of feeding and therefore the 
survival of the larvae. 
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The inference that first-feeding is the major critical period in 
development has been more recently questioned ( Blaxter, 1988). 
Mortality rates over this period have been shown to be as high during 
embryonic development (May, 1974; Blaxter, 1984). It has also been 
shown that the levels of mortality over this period through predation 
can be equivalent to those of starvation (Blaxter, 1988). This may also 
be true of fish which undergo major metamorphosis at the end of their 
larval development. Individuals undergoing metamorphosis may become 
more vulnerable to predation as they become more visible during the 
development of respiratory pigment and the skin becomes pigmented. 
Predator avoidance and feeding are dependant on the larvae's 
morphological and physiological fitness. The larvae is undergoing major 
changes in both morphology and physiology, and the ability to continue 
to function effectively during reductions in environmental conditions 
over this period depends on the larvae having sufficiently developed 
physiological responses. Critical periods during development may also be 
related to periods of development in the larvae when morphological or 
physiological changes reduce the individuals ability to cope with 
environmental change. Thus endogenous factors have been inferred as a 
cause of critical periods by a number of authors (e.g. DeSilva, 1974; 
Iwai & Hughes, 1977). 
. 
The development of the swimbladder is an essential requirement for 
survival in many fish. Failure to fill the swimbladder causes abnormal 
behaviour and leads to death (Doroshev, et al., 1981; Korwin-
Kossakowska, 1986, 1988). The rapid decline in the body surface area 
with increasing size during development of fish larvae requires the fish 
to develop the gill area rapidly. The possibility of a respiratory critical 
period has been suggested by a number of workers. DeSilva ( 1974) 
linked an increase in the mortality of herring ( Clupea harengus) with 
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development of the gills. Iwai and Hughes (1977) suggested a period of 
reduced respiratory capacity during the development of Black Sea bream 
(Acanthopagrus schlegeli). An increase in the susceptibility of these 
fish to reduced oxygen levels in the environment was suggested. 
McElmon and Balon ( 1979) suggested that walleye larvae may experience 
a period of respiratory sensitivity as the blood flow to the yolk-sac is 
reduced but before the gills have fully developed. 
There is therefore some evidence to suggest that fish with very 
different development strategies may experience some form of 
respiratory "critical period". This has also been linked with the rapid 
growth of the gills and the changes in their allometric development 
( Hughes and Al Kadhomiy, 1988) . From these studies further 
investigation of the development of the respiratory system in relation to 
metabolic demand and respiratory regulatory ability may provide 
evidence for the occurrence of respiratory critical period during 
development. 
In any study in this area linking the respiratory development with 
routine metabolic demand for oxygen is essential. This allows the 
identification of periods of high aerobic metabolic demand. which the fish 
requires for normal activity and behaviour. This in turn can be linked 
to the state of development of the respiratory system and can provide 
evidence for changes in behaviour and feeding activity which occur 
when the fishes respiratory system is placed under further load. 
The ability of the developing larvae to resist reductions in 
environmental oxygen tensions is often at its lowest point midway 
through larval development ( DeSilva & Tytler, 1973; Davenport, 1983; 
Spoor, 1977,1984). This reduction during development may be a result 
of either reduced effectiveness of the respiratory system or increases in 
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the metabolic demands for oxygen on the respiratory system. In other 
species the ability of the larvae to resist reductions in the oxygen 
tension increases throughout larval development ( DeSilva & Tytler, 
1973; Romborough, 1988a;). The reasons for this difference in the two 
groups of fishes may be a result of morphological or physiological 
differences between the fish. It may also be linked to differences in the 
lifestyles of these fish during the period of early development. The 
presence of morphological adaptations to increase gaseous exchange has 
been used in the ecological classification of species (Salon, 1975). 
Thus, it is apparent that there is need for further studies investigating 
the relationships between the early development of the respiratory 
systems of fish, and any periods of sensitivity to reduced oxygen levels 
in their environment. This has become especially-·- relevant to the 
development of the aquaculture industry and the need to define the 
requirements for larval fish for culture purposes. The successful 
rearing of larval fish depends heavily on understanding their 
environmental requirements. 
The similarity in the rates of development of the respiratory surfaces of 
many fish species investigated in the past ( Hughes & Al Kadhomiy, 
1988) suggests many species undergo similar changes. In a study of 
this early development period a contrast between two species with very 
different lifestyles and life histories would help to clarify exactly which 
stages of development are similar and also any possible differences 
which are a result of adaptation to different environmental conditions 
experienced by the species. 
This study investigates the respiratory development of two species of 
teleost from hatch. The study covers the development of all the 
principal respiratory surfaces during development and the physiological 
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changes occurring over the period of study. An assessment of the 
levels of efficiency of each surface was also carried out and the 
respiratory demand of the developing fish was measured in order to 
relate the aerobic metabolic demand of the developing fish with the 
stages of respiratory development. By relating the two areas any 
potential periods during development when the fish may be sensitive to 
reduced environmental oxygen tensions would then be identified. 
In any study which attempts to identify periods when the developing 
fish are sensitive to reduced oxygen tensions there must also be some 
assessment of the flexibility of the respiratory system under reduced 
! 
oxygen tensions and the adaptations which occur in the physiology 
during these periods to compensate. In quantifying these adaptations 
the relative importance of the various surfaces and .their flexibility to 
respond to reduced oxygen tensions can be assessed. The importance of 
long term and short term reductions in oxygen tensions will both 
provide information about the flexibility of the respiratory system. 
Further information about the nature of the respiratory system can be 
provided by the isolation of one factor and challenging the system with 
reduced oxygen tensions. This is possible by either blocking or 
removing respiratory pigment from the blood of the fish and measuring 
the change in the respiratory ability of the fish. The importance of 
respiratory pigment in respiratory development is a key factor in the 
study as the development of respiratory pigment in the development of 
larval fish is highly variable between species ( Balon, 1975) . An 
assessment of its contribution to the efficiency of the respiratory 
system may provide further information regarding the significance of 
the onset of its development in fish. 
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The objectives of the current study can therefore be summarized as 
follows: 
1. To carry out an investigation into various aspects of the respiratory 
development of two species of fish. 
2. Comparison of the two species with respect to their metabolic and 
development requirements. 
3. Assessment of potential critical periods during development using the 
data gathered over the period of study. 
4. Determining potential critical periods in relation to set points of 
respiratory development which may occur in other species of fish. 
Below is a descriptive summary of the life-stages of the two species to 
be investigated. 
Figure la. Summary of Life Stages of the Two Species used in this 
Study. Weights shown ~ for Yolkless Wet Weights. 
, ___ 0. my kiss S. maximus 
c---------------------------- ------------------------- ---- -
I Egg ( 4-6mm diameter) Egg ( 1-1.1 mm diameter) 
~~ Q Hatch (15-20mg) ~ Q Hatch (0.1-0.2mg) 
~~ 1·5 Early Yolk-Sac Alevin (25-40mg) ~ 1-2 Yolk-Sac Larvae (0.2-0.Srng) 
~~ 6·17 Yolk-Sac Alevin (40-70mg) ~ 3-14 Pre-Flexion Larvae (0.5-3mg) 
.
1
 ~ 18-25 Late Yolk-Sac Alevin (70-90mg) ~ 15-25 :lexion Larvae (3.5 8.5rng) 
,~ 25-50 rry (90mg-2g) ~ 25-35 Post rlexion Larvae (8.5-BOmg) I-
l~_50+ ringerling (2-3Q~L ____________ ~_30+Jry (20Drng-5glJEye migration Complete] 
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MATERIALS 
Oncorhynchus mykiss 
Eyed eggs were collected from Upwey Trout Farm, Weymouth and 
transported to Plymouth where they were maintained in a blacked out 
recirculation unit at 10°C unless otherwise stated. The yolk-sac fry and 
first feeding fry were also maintained in this system, the shading was 
progressively removed once the fry had started feeding. The fry were 
fed ad libitum on BP Mainstream trout diet, the food being ground up 
in a pestle and mortar for the first feeding fry. The eggs collected 
were from two and three year old broodstock fish, the latter producing 
larger eggs and alevins. 
Scophthalmus maximus 
The fish used in the study were spawned at the Seafish Industry 
Authorities Marine Fish Research Unit, Ardtoe. The fry were reared in 
9001 black tanks with 24 hour illumination at 24 oc. First feeding larvae 
were fed the brackish water rotifer Brachionus plicatilis, the rotifers 
were maintained at a density of 5. 5/ml in the culture unit for the first 
8 days of feeding. The larvae were then fed on Artemia nauplii and 
rotifers for a further 7 days, then only Artemia nauplii. Both the 
rotifers and Artemia nauplii were pre-fed with a suspension of yeast 
and a fat supplement for 1 hour before feeding to the larvae. 
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Chapter 1 
RESPIROMETRY 
INTRODUCTION 
Many studies of larval fish show that there is a change in their 
metabolic rate during development (see reviews by Romborough, 1988b, 
Blaxter, 1969). Therefore, in studies of potential periods of respiratory 
stress, some analysis of aerobic metabolic rate during development is 
needed as a basis for comparison or as a criterion to establish stress. 
Aerobic metabolism in aquatic organisms has been studied using a 
---
number of techniques, the most common being the measurement of 
oxygen consumption. The use of direct microcalorimetry has been used 
in a few recent studies (Gnaiger, 1979; Gnaiger, Lackner, Ortner, 
Putzer and Kaufmann, 1981) and with recent developments in this 
technique ( Gnaiger, Shick & Widdows, 1989) the use of this method is 
likely to increase. Dry weight bioenergetic analysis as used by 
Laurence ( 1969) can also be used to establish balanced energy budgets. 
Generally, however, metabolism is monitored indirectly using oxygen 
consumption. A number of different techniques are available to study 
oxygen consumption and these have been recently reviewed by 
Kaufmann et al. , ( 1989) and more specifically with respect to fish by 
Romborough ( 1988b). The use of the Winkler titration method 
( Alsterberg, 1926) has been used by some workers (e.g. Morgan, 
1971.), this method has more recently been superseded by the use of 
polarographic oxygen sensors. A wide variety of these sensors are 
available and the type used in any study will depend on the type of 
respirometry system used (reviews: In. Gnaiger & Forstner, 1983; 
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Kaufmann et al. , 1989) as these sensors can be applied in both flow-
through and closed respirometry systems. 
Warburg and Gilson respirometers have both been used to determine 
oxygen consumption in larval and juvenile fish (Holliday et al., 1964; 
De Silva & Tytler, 1973; Hunter & Kimbrell, 1980; Theilaker & Dorsey, 
1980; De Silva et al, 1986). These respirometers allow constant 
monitoring of oxygen consumption, they are widely available and simple 
to use, the drawback in using these systems is their lack of flexibility 
in monitoring respiration at different levels of activity. In recent years, 
their use in aquatic respirometry studies has also been questioned in 
long term studies due to waste metabolite accumulation in the closed 
system ( Romborough 1988b; Kaufmann et al, 1989). The effect of 
shaking on the organism has been shown to depress (Hunter & 
Kimbrell, 1980; Theilaker & Dorsey, 1980; Solberg & Tilseth, 1984. ) or 
elevate ( Holliday et al. , 1964; Eldridge et al. , 1977) respiration and so 
estimates of oxygen consumption in unstressed fish using these 
manometric respirometers may be difficult. 
The use of Cartesian divers have been used by some workers (e.g. 
Davenport, 1976), this system allows a high degree of accuracy in 
determining oxygen consumption. However, the operation of this system 
requires a high degree of skill on the part of the operator and it is not 
as readily available as the Warburg and Gilson manometers. It is also a 
closed system and allows little time for acclimation before metabolic 
waste products may affect oxygen consumption rates. 
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The system types used to monitor oxygen consumption in larval and 
juvenile fish using the Winkler technique 1 or more recently 
polarographic oxygen sensors fall into three main categories these 
being: 
1. Flow - through 
2. Closed 
3. Intermittent 
The flow-through type generally rely on monitoring oxygen 
concentrations of water before entering and after leaving the test 
chamber 1 this can be done using one or two electrodes depending on 
system design. The water flow through the chamber has to be 
accurately controlled and measured during monitoring or errors will be 
introduced. The advantages of this system are the ability to make long 
term measurement of oxygen consumption under stable environmental 
conditions and also easy manipulation of these variables during 
measurement. The disadvantages of this system type are the problem of 
mixing within the chamber leading to masking of the true consumption 
or rate 1 and the accumulation of baseline errors during long term 
monitoring. Frequent re calibration of the sensors is necessary if short 
term responses are to be monitored under changing variables 1 and both 
the level of mixing within the chamber and the level of masking has to 
be determined in any system. 
The closed systems generally only require one sensor 1 the oxygen 
concentration being monitored over time in a fixed volume of water 1 the 
change in oxygen concentration then being equivalent to the oxygen 
consumption of the fish. This system is generally more accurate than a 
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flow through system as any baseline errors due to calibration changes 
are fixed and therefore can be checked after each monitoring. The 
problems innate in this type of system are the same as the manometric 
respirometers, that is the build up of waste metabolites and the lack of 
time to acclimate. The changing oxygen concentration may also affect 
respiration rates, though in some studies this may be useful (e.g. 
determination of the regulatory ability of gaseous exchange in fish 
( Romborough, 1988b). 
The intermittent type system has been used by some workers (Jobling, 
1982; Romborough, 1988a). This system allows the organism to acclimate 
in the chamber by maintaining a constant flow of water as in the open 
flow system and waste metabolites are therefore flushed from the 
system. During measurement, however, the system js switched to a 
closed system, this then eliminates the need to monitor the flow within 
the system, apart from the physical affect on the fish. 
Changes in oxygen consumption can also be monitored with decreasing 
oxygen tensions. The system can be set to flush through at a set level 
and so allow constant monitoring within a set range of oxygen 
concentrations. It is important, however, to maintain similar flow 
regimes during the two phases as errors in sensor calibration can occur 
due to pressure changes as well as the effect of the change in the 
chamber environment on the fish. 
Chamber design in past studies has been variable, reflecting the 
particular requirements and depending on sensor type, system design 
and the specific requirements of the species studied. The chamber 
should be constructed in such a way as to allow easy access to the test 
animal, so reducing handling stress on placement and removal of the 
organism. The material used to construct the chamber is also important, 
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many plastics can absorb oxygen to varying degrees and can therefore 
allow diffusion if the chamber walls are too thin. Forstner ( 1983) 
recommended that 1 where possible respiratory chambers be constructed 
of glass or stainless steel. 
The effects of bacterial respiration during measurement is a problem in 
all systems 1 and a number of methods have been used to account for 
this. Antibiotics and bactericides have been used in the past by some 
workers to control bacterial growth in the system (Booth & Man gum, 
1978; Giese et al. 1 1966; Marshall & Orr, 1958). In recent years 
possible effects on the fish have been highlighted and the validity of 
this method in measuring oxygen consumption in unstressed fish has 
been questioned ( Dalla Via 1 1983) . Dalla Via ( 1983) suggested the use 
of blank runs to assess bacterial respiration and subtract this from the 
test value. This also allows time for bacterial growth to stabilise and a 
relatively constant rate of bacterial respiration is obtained. One 
important factor which must be considered is the introduction of 
bacteria by the fish 1 it is therefore advantageous to take blank 
readings from the respirometer after the fish has been removed to 
compensate for this (Houde & Schekter 1 1983). 
In the current study an intermittant flow respirometer was designed for 
measuring the oxygen consumption of the species studied. The use of 
the intermittant flow system was decided on because of the greater 
flexibility which this system gave in changing the oxygen tension the 
fish were exposed to. The system was built of perspex with a minimum 
thickness of 10mm to prevent any oxygen transmission through the walls 
of the respirometer. The use of intermittant flow respirometers also 
gives a greater level of accuracy than could be obtained from a flow 
through respirometry system. This is a critical factor when dealing with 
small marine larvae such as S. maximus. The increased level of 
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accuracy allows the measurement of individual larvae at an earlier stage 
of development than would be possible with a continual flow system. 
The intermittant flow system allows the fish to acclimatise to 
respirometer chamber without the build up of waste metabolites causing 
a stress response in the fish. 
Oxygen consumption and the factors affecting it have been widely 
studied in larval and juvenile fish 1 Romborough in a recent review 
(1988b) has suggested that over 200 papers have been written in the 
last 20 years on oxygen supply and demand for larvae. Yet there is 
still debate as to how metabolic rates vary with development in these 
early stages, perhaps reflecting the diverse strategy's adopted in 
development by larval fish. There are two principle factors affecting 
metabolic rate, these being temperature and the amount of actively 
metabolising aerobic tissue. The latter can vary with a change in the 
total mass or the degree of activity of the available tissue. 
The variations in mass of the fish can generally be accounted for by 
using a mass specific oxygen consumption rate (V02), whilst the level 
of respiration will vary with respect to the level of activity at any one 
time. To determine the weight specific V02 in the early stages of 
development it is important to measure precisely the weight of the 
tissue able to respire and so the mainly inert material such as yolk 
should be removed before the weight is determined. The effect of 
temperature on metabolic rates in fish has been widely studied (review 1 
Romborough, 1988b), and its affect in any study must be carefully 
controlled. 
The importance of larval activity in studies on oxygen consumption has 
been stressed by a number of authors (Brett, 1970; Wieser 1 1985; 
Wieser, et al., 1985). This is reflected in the categorising of oxygen 
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consumption in juvenile and adult fish into three major types, standard 
(svo2), routine (rV02) and active (aV02) (Brett & Groves, 1979) each 
rate reflecting different levels of activity. The use of these categories 
in the study of adult and juvenile fish has been used to estimate the 
'Metabolic Scope' (Fry, 1947). This term refers to the difference 
between the standard and active specific oxygen consumption and is an 
estimate of the total aerobic energy available to the fish over and above 
that required for general maintenance requirements. 
The use of these categories for larval fish has proved problematic. 
Estimation of the active rate is difficult in many species as it requires 
sustained activity which many fish larvae are not capable of in the 
early stages. Estimates of standard oxygen consumption have usually 
used two techniques these being the use of anaesthetics (Holliday et al, 
1969; DeSilva 1 1970; DeSilva & Tytler 1 1973; Jobling 1 1982; DeSilva et 
al. 1 1986) or the extrapolation of oxygen consumption rates at different 
swimming speeds to zero ( Duthie & Hughes 1 1982; Wieser 1 1982). Both 
these techniques have disadvantages 1 the extrapolation technique often 
leads to underestimates of the true basal levels and the use of 
anaesthetics can have a number of affects on metabolism other than 
reducing activity ( Beis & Newsholme 1 1975). 
Larval fish 1 unlike adult fish 1 have a large growth component innate in 
their basal metabOliC rate 1 in thiS CaSe the SCOpe for aCtiVity iS not 
necessarily equivalent to the metabolic scope and comparison with adult 
fish may not be applicable. The basal metabolic rate of larval fish can 
be affected by a variety of physiological and environmental factors and 
so normal basal level can be easily underestimated. 
The routine oxygen consumption in larval fish has been defined as the 
average rate of aerobic metabolism under normal rearing conditions and 
14 
activity ( Romborough, 1988b), and it is this rate which gives the most 
useful information, with regard to monitoring aerobic demand during 
development. It is important to note that this rate is the most 
dependant of all the rates on biotic and abiotic variables (Wieser, 1985) 
such as light intensity, salinity, pH, temperature, oxygen 
concentration, carbon dioxide concentration, nutrition, group effects 
and there must be some consistency in these factors during the period 
of study. 
In studies so far published on the variation in routine metabolic rate 
with development immediately post-hatching, no overall pattern has been 
identified. The variation with development seems to reflect the species 
behavioural strategy during the period of study. Wieser & Forstner 
( 1986) identified a general decline of routine rates · in a number of 
cyprinids Rutilus rutilus, Scardinius erythropthalmus and Leuciscus 
cephalus. A number of studies on salmonids (Smith, 1957; Gruber & 
Wieser, 1983; Wieser & Forstner, 1986; Romborough, 1988a) have shown 
a general increase in routine rates after hatching until mid way through 
yolk absorption followed by a general decline. This regime has also 
been identified in a number of marine species, such as Clupea harengus 
( Holliday et al. , 1969) , Gadus morhua (Davenport & Lonning, 1980) and 
Cyclopterus lumpus (Davenport, 1983). The reason for this increase is 
generally agreed to be the increase in activity caused by the removal of 
the chorion. 
The importance of oxygen concentration on respiration rates has been 
studied by a number of authors, juvenile and adult fish are generally 
regarded as metabolic regulators, that is to say their standard 
respiratory rate is independent of external oxygen concentration at high 
levels of saturation. Studies on larvae have, however, been less 
conclusive. It has been suggested that larvae are in general respiratory 
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regulators, though the degree of regulation changes with development 
(Romborough, 1988b). Some studies (Davenport, 1983; Gruber & Wieser, 
1983) have shown no conclusive evidence for either respiratory 
regulation or conformity. This may be due to problems in methodology 
( Romborough, 1988b) either in the equipment sensitivity or the range of 
oxygen tensions used. 
If fish are exposed to lowering oxygen tensions then a point is reached 
when the respiratory rate becomes dependent on the ambient oxygen 
concentration. This has been termed the critical oxygen tension (Pc). 
This value has been shown to be dependent on a number of factors 
(Beamish, 1964; Fry, 1971; Ott et al., 1980; Romborough, 1988a) the 
principal ones being temperature, activity and development. 
Temperature affects the critical oxygen tension in · ·an indirect way. 
Increasing temperature increases metabolic rate and consequently the 
metabolic demand for oxygen, thus increasing the critical oxygen 
tension. An increase in activity will also have a profound effect on 
critical oxygen tensions by increasing oxygen demand. 
Changes in critical oxygen tensions with development of larvae can 
vary. DeSilva & Tytler ( 1973) found, in Clupea harengus a general 
increase in critical oxygen tensions during early development followed 
by a general decline post metamorphosis. This pattern was also 
observed by Davenport (1983) in Cyclopterus lumpus. Romborough 
(1988a) however, observed a general decline in critical oxygen tensions 
post hatching in steelhead trout larvae ( Oncorhynchus my kiss). This 
difference in developmental change could be due to the different level 
of development at which the larvae hatch. The monitoring of critical 
oxygen tensions during development therefore give a good indication of 
the state of development of the respiratory system. Changes in the 
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critical oxygen tension under constant temperature and flow conditions 
will reflect the larvae's ability to deal with respiratory stress. 
Measurement of the critical oxygen tension can be conducted using a 
flow through system (Ott et al. 1980); closed system (Davenport, 1983) 
or an intermittent system (Romborough, 1988a). The advantages and 
disadvantages previously discussed for monitoring oxygen consumption 
also apply when measuring critical oxygen tension, as any elevation of 
the respiratory rate caused by the system will affect it. It is especially 
important that activity should be carefully monitored in the early stages 
of an experiment, if the larvae are not given sufficient time to acclimate 
before oxygen tensions drop below the critical limit then the true value 
may be masked. This is especially important when studying the early 
stages of larval development when the critical oxygen tensions are likely 
to be at their highest. 
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MATERIALS & METHODS 
Routine oxygen consumption were determined using an intermittent 
respirometry system in combination with a polarographic oxygen sensor. 
The oxygen sensor used was a Strathkelvin microcathode electrode, and 
the system was designed specifically for the purpose. 
Respirometry System Design 
A number of respirometry chambers were constructed in perspex to a 
general design (Fig .1, see p. 61) . The design used allowed a constant 
flow of water to be maintained during the acclimation phase of 
monitoring with little change in the chamber environment from that of 
the measurement phase. The design also allows easy access to the 
animal, and a simple procedure to place the animal in the chamber. The 
size range of chambers varied from 8 ml to 300 ml total volume. This 
size range gave sufficient flexibility to enable a low water to animal 
volume ratio while at the same time restriction of the animal was kept to 
a minimum. 
The chambers consisted of a thick (12-14 mm) clear perspex chamber 
with a push fit lid which formed an air tight seal, this was ensured by 
the presence of a silicon "0" ring. The lower part of the chamber 
accommodated a plastic encased magnetic "flea". The whole system was 
elevated above the base to allow a magnetic stirrer to be positioned 
directly below the chamber, this was then used to generate a constant 
mixing in the chamber. The magnetic "flea" was isolated from the main 
chamber by a perspex shield which was perforated overall, the hole size 
being around 2 mm. On the main chamber side of the shield a layer of 
monofilament netting was present, this being present to prevent the 
animals from being damaged by the "flea", it also stopped a strong 
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current forming with the action of the "flea". In the case of 
Oncorhynchus mykiss larvae the netting provided a substrate in the 
chamber, allowing the larvae to settle with no disturbance from water 
movement. The outflow from the chamber was also covered with netting, 
preventing the animal from blocking the flow - through system. 
The flow-through system consisted of silicon air tubing ( 5 mm diameter) 
connecting to the chamber outflow. Valves were placed in the tubing 
next to the chamber outlet and intake, these allowing easy switching of 
the chamber to the closed phase once the peristaltic pump was switched 
off. A Watson-Marlow lOOH peristaltic pump was used to generate the 
flow during the flow-through stage . The tubing passed through the 
pump and then returned to the reservoir surrounding the chamber. The 
presence of the magnetic "flea" allowed a constant· flow within the 
chamber in both phases of operation, variation in the flow regime would 
cause electrode calibration difficulties as well as possible effects on the 
animals activity in differing water flows. 
The electrode was mounted through the top of the chamber, an air tight 
seal being maintained by an "0" ring mounted in the chamber port, an 
internal seal was also present in the electrode holder. Some degree of 
variation in the internal chamber volume was possible by the degree to 
which the electrode holder was pushed into the chamber. 
The chamber was mounted in an aerated reservoir surrounded by a 
temperature controlled water bath. The reservoir consisted of a 2L 
Pyrex bowl which allowed the reservoir to remain isolated from the 
water bath. The aeration was provided by a Rena air pump and 
maintained a 100% level of oxygen saturation. The water bath consisted 
of a 60cm X 26cm X 26cm tank with an Eheim water pump to maintain a 
strong water flow within the bath. 
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Temperature control was maintained at near constant levels by a 
Hitofrig dip cooler and a Nova thermostated heater, this allowing a 
temperature variation of no more than 0. 5°C in the reservoir during the 
flow-through phase which was the period of greatest temperature 
change. Temperature was constantly monitored during measurement 
because of its importance in electrode accuracy as well as any possible 
metabolic affect. 
Oxygen concentrations in the chamber were monitored by a Strathkelvin 
1302 rnicrocathode oxygen electrode in conjunction with a Strathkelvin 
781 oxygen meter, a permanent record was obtained by connecting the 
meter to a Rikadenki chart recorder. The rnicrocathode oxygen electrode 
has a small diameter cathode which results in minimal oxygen 
consumption by the electrode (1.5 X lo-llmg 02/sec.). Like all 
polarographic oxygen electrodes the microcathode oxygen electrode 
measures oxygen partial pressure or tension, rather than concentration 
in solution. However, the meter can be calibrated in concentration 
units. 
The microcathode electrode consists of a 20 micron platinum wire 
embedded in glass, the exposed wire tip forms the cathode. Above the 
glass a chlorinated silver band forms the anode. A buffered KCl 
solution is used to make the connection between the cathode and anode. 
The electrode buffer is contained around the electrode by a plastic 
cover and a polypropylene membrane. The electrode measures oxygen 
partial pressure as follows. Oxygen diffuses through the polypropylene 
membrane into the electrode buffer, it is then reduced by a biased 
voltage of 650 mV, the resultant ionic movement causing a small current 
which is monitored by the meter. The electrolyte is constantly replaced 
by simple diffusion across the membrane this rate being pressure 
dependant. 
20 
Estimation of Recovery Time 
Experimental Procedure 
Oncorhynchus mykiss 
In order to determine routine oxygen consumption it was necessary to 
assess the affects of transfer of the fish to the respirometer. Fish to 
be used for oxygen consumption determinations were transferred from 
the main system to a tank in the water bath 8 to 16 hours before 
placing them in the respirometer. This allowed time for the fish to 
recover from any handling stress and also a degree of acclimation to the 
respirometry tank. 
All oxygen consumption were monitored at 10 oc for 0. my kiss. Fish 
which had started to feed exogenously were not fed for at least 12 
hours before readings were taken, these fish were also subject to low 
light intensities and respirometry measurements were only made during 
the day. Fish were transferred to the respirometry chamber using a 
large bulb pippette to avoid damaging the fish during transfer. The 
physical process of transferring the fish from the main system to the 
respirometer may have induced a short term stress response in the fish 
or induced unnaturally high levels of activity. Both of these responses 
would lead to elevated oxygen consumption rates and therefore distort 
any estimated oxygen consumption rates. To avoid this it was necessary 
to determine the time period necessary for the fish to recover from the 
transfer. 
To determine the period necessary required repeated measurement of 
the oxygen consumption of individual fish whilst maintaining oxygen 
levels in the chamber. This would avoid the results being distorted by 
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the fishes response to lowered oxygen tensions. This was achieved by 
closing the chamber off for short periods of time, normally 15 minutes. 
This was sufficient time for the oxygen consumption to be calculated. 
The average rate over the last 10 minutes was normally used as an 
estimate of oxygen consumption, this avoided any distortion of the 
results caused by the pressure changes which occurred in the chamber 
when the pump was turned off, which normally gave slightly elevated 
rates initially. The oxygen tension was not allowed to drop below 9mg/ l 
of oxygen. 
The smallest chambers (volume 8ml and 30ml) were normally used in the 
determination as they were most likely to affect the fishes through 
confinement. Because of its small volume it also allowed more accurate 
determination of oxygen consumption over a short period of time. The 
small volume also allowed the quick reoxygenation of the chamber by 
turning the pump on again. The fish were monitored during the 
pumping procedure to see if they were disturbed by any change in 
water pressure or flow. Re-oxygenation normally took 2 -3 minutes from 
the start of pumping. 
Three fish were monitored over at least two hours and their oxygen 
consumption measured every 20 minutes. Oxygen consumption over the 
10 minute period was broken down into 1 minute intervals and the mean 
calculated. This allowed any variations during the monitoring period to 
be accounted for. To account for any variation in recovery time with 
development, the procedure was repeated with a number of different 
size ranges of fish. In some cases variation in the transfer time was 
thought likely because of the difference in ease of transfer of the 
fishes. Transfer time was considered to start at the first attempt at 
capture of the individual. Yolk-sac larvae are far easier to transfer 
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because of their lack of mobility than free swimming fry and so the time 
of transfer was generally less. 
Routine Oxygen Consumption ( rV02) 
Experimentru Procedure 
Oncorhynchus mykiss 
From hatching 1 larvru Oncorhynchus mykiss are negatively photo taxic 
for most of the period of endogenous feeding. It was therefore 
necessary to black out the water bath during these early stages. This 
was accomplished by covering the outer walls of the water bath with 
black polythene sheets 1 and a cover over the top of t~e tank. After the 
period of endogenous feeding the fish were subjected to the normru 
rearing light conditions 1 these were initially low levels during first 
feeding. The water used in the reservoir was changed every other day 1 
the pH was checked every day. Water changes were performed using 
Plymouth mains water that had been standing 1 aerated and cooled to 10 
°C for 24 hours (see Appendix A for water quruity perameters). To 
determine the oxygen consumption fish were transferred to the 
respirometer and allowed to recover from any handling stress. The 
water flow through the respirometer was maintained during this period 
and oxygen levels monitored 1 ensuring that they remained at near 
saturation levels. The time period for this was generally three hours 
Once the respiratory rate had been determined the fish was removed 
from the chamber and its totru length measured 1 then blotted to remove 
excess water and weighed. The yolk-sac larvae were then transferred 
to a petri dish containing cooled Cortland saline and the yolk material 
was carefully removed using a Pasteur pipette, the yolk free weight was 
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then determined. Blanks were run after each fish to monitor the 
bacterial respiration present in the chamber 1 this was then deducted 
from the respiration monitored for the fish to determine the actual 
respiratory rate. 
The volume of the chamber was determined by weighing the chamber 
filled with distilled water 1 then again after it had been dried the weight 
difference being converted to a volume measurement. For any series of 
measurements the electrode holder was marked in respect to its location 
in the chamber to ensure the chamber volume remained constant. 
Scophthalmus maxim us. 
A similar experimental procedure to that of Q.:_ mykiss was followed with 
a few differences. All the respirometry measurements were conducted at 
24 oc 1 the measurements for all stages of development were conducted 
under normal light conditions. Due to the small size and delicate nature 
of the larvae 1 care was taken in transferring the larvae to the chamber 
to avoid the transfer of food organisms. The larvae were also checked 
visually before the system was closed to ensure that they had not been 
damaged by the stirrer or caught in the outflow from the chamber. 
The flow-through mode was generally run for 3 hours before switching 
to the closed system 1 larvae were transferred from the culture tank to 
the water bath at least 4 hours before transfer to the respirometer. 
Sand filtered and U. V. irradiated sea water was used throughout. After 
the blank value had been determined the water in the reservoir was 
changed because of the high bacterial activity at the elevated 
temperatures. The chamber and tubing were also thoroughly cleaned in 
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treated sea water to keep bacterial growth to a minimum and to avoid 
ciliate contamination of the chamber. 
Critical Oxygen Tension (Pc) 
Experimental procedure 
Oncorhynchus mykiss 
Critical oxygen tensions were determined using the same respiratory 
system that was used for measuring routine oxygen consumption. 
However, the chamber size used was generally larger (volume >30ml) 
than that used for oxygen consumption determinations as this allowed 
the fish greater time to adjust to the changing oxygen tension. This 
gives a lowered risk of masking the Pc with a delay in the system 
response time because of rapidly changing oxygen tensions. The fish 
were allowed to acclimate to the chamber before the measurements 
began, and the oxygen tension was maintained at saturation levels in 
the reservoir. In the case of recently hatched larvae the oxygen 
saturation was initially over 100% to allow the pressure changes that 
occur when the system was switched over not to mask any change in 
oxygen consumption. This was especially important for the early larvae 
as critical oxygen tensions near 100% saturation . 
The critical oxygen tension was determined in a similar method to that 
of Romborough (1987) by monitoring the rate of oxygen consumption 
recorded on the chart recorder and when a change in the rate occurred 
the oxygen tension was recorded (see Appendix A for example) . Once 
the critical oxygen tension was reached the fish was removed from the 
chamber and the total length determined, the fish were then blotted to 
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remove excess water and the weight determined as for the fish used for 
routine oxygen consumption. 
Scophthalmus maximus 
The same procedure as that for 0. my kiss was used to determine 
critical oxygen tensions 1 and the same conditions were used as for the 
determination of routine oxygen tensions for ~ maximus. 
In determining the time taken for S. maximus larvae and fry to recover 
from transfer to the respirometer a number of restrictions were 
necessary 1 the smallest larvae could not be isolated from the production 
tank for more than a few hours because their removal from their food 
source for extended periods at these stages of their· development may 
induce abnormal behaviour. Because of this transfer to the respirometer 
tank and then the respirometer was normally performed within 4 hours 1 
this was also the minimum period of starvation before respiratory 
analysis was conducted. 
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RESULTS 
Respirometry 
Q...:_ mykiss 
The results of the initial trial to show how transfer affected the initial 
oxygen consumption are shown in Table 1. Seven groups of 3 fish of 
similar age and weight were analysed covering a size range from just 
hatched alevins to free swimming fry. All weights shown are yolkless 
weights . The data is also presented from these groups graphically in 
Figures 2 to 8 respectively. 
Table 1 Oxygen Consumption Values for Individual 0 . my kiss to 
determine the effects of transition to the respirometer and recovery 
time. 
Group 1 Just Hatched Alevins (See ~ il 
Sample No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Time 
(minutes) 
20 
40 
1 60 
80 
I 100 
120 
J 140 
j 160 
I 180 
1 200 
Fish 1 Fish 2 
--- ---Weight Weight 
0.024 0.029 
~ Ox~gen Consumption 
(m 02/ hour) 
0.0121 0.0201 
0.0093 i 0.0101 
·- ·-0.0072 0.0087 
0.0055 0.0062 
0.0063 0.0073 
0.0064 0.0062 
0.0071 0.0064 
0.0067 0.0061 
0.0061 0.007 
0.0057 0.0065 
27 
Fish 3 
---Weight 
0.021 
Values 
0.0152 
I 0.0093 
0.0075 
0.006 
I 0.0063 
0.0062 
0.0067 
I o.oo72 
. 0.007 
0.0062 
Group ~ Early Yolk-Sac Alevin (See ~ ~ 
Sample 
Number 
- --
Time 
(minutes) 
20 
40 
' 60 
] 80 100 -
I 120 
140 
160 
180 
200 
220 
240 
260 
280 
Fish 1 Fish 2 1 Fish 3 
--- --- I Weight Weight Weight 
0.0368g 0.031lg 1 0. 041_g 
Oxygen Consumption Values 
( mg 02/ hour) 
0.0342 
---0.0182 
0.0193 
0.019 
0.0171 
0.0162 
0.0168 
0.0165 
------0.0171 
0.0152 
0.0163 
0.0163 
-0~0161 -
0.0153 
0.042 0.0322 
0.0173 0.0194 
0.0186 0.0172 
-- ---0.0162 0.0174 
-----0.0172 0.0185 
0. 01-5---:-3 - 0. 0163 
0 .0172 0.0172 
0. 01_6 __ 8--~-0-.-0178 
--0.0154 0.0181 
0.0163 0.0185 
--- ----0.0153 0.0183 
----
-1---'0"-'-.9165 -- 0.0192 
0.0172 0.0183 
- -0.0164 0.0182 
Group ~ Yolk-Sac Alevin (See ~ 11 
Sample Time Fish 1 Fish 2 1 Fish 3 
--- --- I Weight Number (minutes) Weight Weight 
0.054g 0.0493q 0.0587_g 
1 OxyJen Consumption Values 
(mg 02/ hour) 
1 120 0.0531 0.0627 I Q.0412 ----2 40 0.0297 0.0357 I o.o382 
3 I 60 0.0253 0.0229 0.0273 
I 8o -- . - i ~0264-4 I 0.0295 0.0264 
5 I 100 0 .0259 0.0271 0.0271 
6 ! 120 0.0272 0.0273 0.0266 
7 j 140 ' 0.0275 0.0267 0.0269 
8 160 0.0264 0 . 0259 0.0275 
9 180 0.0277 0.0282 0.0275 
10 I 200 0.0268 0.0265 0.0239 
I 220 -. 11 J . 0.0274 0.0239 0.0242 
12 I 240 0.0254 0.0253 0.0275 
13 260 0.0258 0.0272 0.0266 
14 : 280 0.0273 0.0259 0.0271 
28 
Group .1 Late Yolk-Sac Alevin (See Fig. ~ 
Sample 
Number 
Time 
(minutes) 
Fish 1 
wefght 
0 . 0843g I 
Fish 2 
Weight 
1 0.0910g 
Ox~gen Consumption Values 
( mg 02/ hour) 
1 Fish 3 
I 
Weight 
0 . 0793_g 
1 20 0.0734 0.0804 I 0.071!__ _ 
2 40 ~_0.0~03_ 0.0642 ~,_0 . 0533 -
3 r-60 - 0.0621 0 . 0501 0.0532 
4
- - ~-~0- - -- -~~: ~f~; -- -~ : ~~~~ ---1-~: ~~~~ -f--~ --- 120 _ - o.o314 __ ro .o211 -- 1 6.o28_4 __ --
r-2-- _ ___ _ 14o ______ - --=-o-'--.o=-=2::--:7~3 ___ +~--=-o' _:__· o=-=2=-=9~5 ___ +r-=-o·_:__· o=-=2=-=8:.::8:.___----t 
8 -- +~1~60=-- - - 0 ._028_3_ - 0. 0291 0. 0291 
9 180 0.0294 0.0284 0.0299 
I ---
..:::.10.::___ __ 200 I 0.0355 0.0272 __ 0.0302 
11 - - -- 220 J Q . 0~02_ 0.0289 --- 0.0294 
12 240 I 0.0257 0.0289 - 0.0292-
13 260 1 o :·o2a4 - - o. 0291 -- -o. 0299 
14 280 i 0 .0 292 ___ - -0:0293- -- 0: oias -
Group ~ Swim-Up Fry (Very Small Yolk-Sac Remnant) (See ~ §.1 
Sample j Time Fish 1 Fish 2 Fish 3 
Weight --- ---Number I {minutes) Weight Weight 
0.1034g 0.1135g 0.0997_g 
L : Oxygen Consumption Values ________________ . __ {~m~~~o~2~;-=-h~o-=-u~r4) ___________ __________ ~ 
1 I 20 0.1032 0.084 ,_0 .094!_ I . .. 
-2 I 40 0.0743 0.062 ~ 0.0571 1 60 . 3 0.0534 1 0.0384 0.0284 4 80 0 . 0314 0.0311 0 . 0293 
- ----5 lOO 0.0302 0.0342 0.032 
- --- - - - - --
-
6 120 0.0342 0 .0266 0.0314 
-
-
. - -- j O. Q2~4 ___ 7 140 0 . 0311 0.0352 
- --. 
8 160 0 . 0327 0.0294 0.0277 
- - ------- r-0. 02'7-4--9 180 0.0348 0.0277 
- --- ---- -
10 200 0.0367 0.0292 0.0276 
- - -
11 220 0.0337 0 . 0321 0.0278 
-r-- --- - -- - -
12 240 0.0384 0.0343 0.0281 
13 260 0.0371 0.0284 0.0272 
- -
14 280 0.0352 0.0278 I 0.0277 
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-Group §. Free Swimming Fry (See Fig Zl 
Sample 
Number I 
Time 
(minutes) 
20 
40 
j 60 80 10Q_ 
l 120 
140 
I 160 
180 
200 
220 
240 
260 
280 
300 
Fish 1 
---Weight 
0.142 
Fish 2 
---Weight 
0.153 
1 Fish ~ 
Weight 
0.149 
Ox~gen Consumption Values 
(m 02/ hour) 
0.1831 
0.0926 
0.0713 
0.0533 
0.0389 
0.0422 
0.0413 
0.0382 
0.0434 
0.0401 
0.0422 
J 0.0441 
0.0324 
0.0436 
0.0417 
~ 0.0937 
l 0.0842 
j 0.0587 0.0429 0.0402 
f 0.0382 
1 0 ._9427 
j 0.0453 
t 0.0421 0.0413 
0.0427 
- -
j 0.0453 
0.0416 
0.0429 
0.0435 . 
( 0.1044 
0.1032 i 0.072 
l 0.0566 0.0426 
I 0.0453 0.0444 
i 0 . 0396 
j 0.0432 0.045 
0.0471 
j 
I 0.04 
j 0.0413 
0.0422 
0.046 
Group 1 Free Swimming Fry (See .E!.9..!_ §2. 
Sample 
Number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Time 
(minutes) 
20 
40 
I 60 
80 
100 
i 120 
140 
1160 
i 180 -
200 
I 220 
I 240 
260 
I 280 
300 
-
Fish 1 Fish 2 
--- ---Weight Weight 
0.214 0.231 
Ox~en Consumption Values 
(mg 02/ hour) 
0.2014 I o.2345 
0.1875 0.183 
0.1756 0.1632 
0.1538 I 0.1351 
0.1003 I 0.1125 
0.0804 0.0658 
0.0732 0.0319 
0.0653 I 0.0628 
0.0672 l 0.0611 
0.0651 0.06 
0.0644 0 .0603 
0.0662 1 0.06 
0.0651 t 0 .0623 
0.0669 J 0.0618 
0.0678 0.0605 
Fish 3 
---Weight 
0.225 
0.2118 
0.2005 
t 
1 0.153 I 0.1257 
0.0935 
0.0538 
0.0642 
I 0.0665 
0.0607 
0.0611 
0.0625 
I 0.0635 
1 0.0644 
1 0.0625 
0 . 0636 
-
From Figures 2 to 8 the rate of oxygen consumption of the fish can be 
seen to be elevated 20 minutes after being placed in the respirometer, 
there is generally a decline in this initial rate in all the size groups 
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studied . However, the time taken to reach an apparently stable rate 
does appear to vary with the size of fish. Group 7 fish (mean wet 
weight 0. 2235 grams) took approximately 150 minutes to achieve a stable 
rate of oxygen consumption whereas Group 2 fish (mean weight 0.0363g) 
took less than 50 minutes to reach a stable oxygen consumption. 
Using these results the minimum time allowed for recovery from transfer 
in the determination of routine oxygen consumption rates was fixed at 
three hours. During this time the respirometer was switched to flow 
through mode, maintaining the oxygen tension within the chamber. This 
time period was thought to be sufficient for all the size range of ~ 
my kiss used . 
S. maximus 
The results of the analysis to determine the effects of transfer on the 
oxygen consumption of the larvae are presented in Table 2, the sizes 
broken down into the three groups of similar age and size. The data is 
also presented graphically for the three groups in Figures 9 to 11 and 
a summary of the three groups in Figure 12. 
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Table ~ Oxygen Consumption Values for Individual S. maximus to 
determine the effects of transition to the respirometer and recovery 
time. 
Group 1 First Feeding Larvae (See Fig. 2.1 
Sample No. 
1 
Time 
(minutes) 
Fish 1 
---Weight 
4.38 mg. 
20 17.3 
--- ----2 - i 4Q_ ____ - 14.3 
3 60 12.8 
4 80 10.4 
r ioo - ---5 11.1 
6 J 120 11.9 
7 140 12.3 
8 160 10 .1 
9 180 9.7 
10 200 11.3 
Group ~ Flexion Larvae (See ~ 10) 
Sample No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
I Time 
(minutes) 
I 20 
140 
j 60 
80 
1 100 
120 
140 
160 
180 
200 
Fish 1 
---Weight 20.34 
m. 
25.3 
1 
I 23.1 
22.3 
18.4 
22.3 
23.1 
21.7 
21.3 
20.9 
20.3 
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I 
Fish 2 
Weight 
4.85 mg. 
12.8 
10.3 
11.4 
12.1 
9.3 
J 1o.5 
11.6 
~ 9. 7 
10.3 
11.3 
Fish 2 
---Weight 
21.53 m 
26.1 
23.1 
20.9 
19.3 
18.4 
22.6 
22.3 
20.1 
19.8 
21.2 
1 Fish } 
I Weight 
5.25 mg. 
1!5 4 
12.3 
9.7 
~ 11.3 
' 9.5 
I 10.2 
11.3 
10.9 
11.4 
Fish 3 
---Weight 
22 .01m . 
t 24.9 
j 21.2 
20.6 
21.7 
17.1 
21.3 
22.7 
I 22.6 
t 21.3 
20.2 
Group J Post Flexion Larvae {See Fig. 11) 
Sample No. I Time 
(minutes) 
1 20 
-- -----2 40 
- - -3 60 
---4 80 r----
5 100 
- ---· 6 120 
7 140 
--------8 160 
--9 180 
10 200 
Fish 1 
---Weight 
50.51m . 
57.3 
-- 44.3 
- 42.6 
51.3 
-44.3 
10.1 
39.7 
----42.4 
---
44.6 
40.1 
Fish 2 
Wei9ht 
I 63.43 m . 
62.1 
-
56.1 
1 58.3 ___ 
J 52.3 
-
53.4 
------
I 52.8 
-1 54.9 _ -
..t. 53.5_ -- -
l 54._7 
---55 
1 Fish 3 
1 Wei9ht 
52.2 m 
65.2 
52.4 
49.3 1--·- --47.3 
- - --·-45.9 
- - ·-51 
53.7 
- -48.1 
50.2 
53.4 
Oxygen consumption after transfer. Group 1 fish (mean weight 0. 0246 
grams) only took 80 minutes to reach a stable rate. 
Critical Oxygen Tensions 
9....:_ mykiss 
The data from the critical oxygen tension analysis of 161 fish ranging 
in wet weight from 17.38 mg (just hatched) to 3. 58g (free swimming 
fry) is tabulated in Appendix A. The data is also presented in Figure 
13 in graphical form. 
From this data (see Fig. 13 and Appendix A) it is apparent that the 
greatest change in the critical oxygen tension occurs immediately after 
hatch. Yolk sac alevins which have just hatched have a critical oxygen 
tension in the range of 9 to 7. 5 mg, oxygen/litre which represents 79 
to 66. 5% of air saturation. This rapidly decreases as they grow and fish 
over 100 mg generally have a critical oxygen tension in the approximate 
range 1. 8 to 2. 4 mg/ litre. To examine this early change in critical 
oxygen tension the data for fish under 1000 mg. is shown in Figure 14. 
The critical oxygen tension clearly decreases rapidly during this early 
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growth period, apparently levelling out at 1. 5 to 2. 5 mg. oxygen/ litre 
at a size of 110 mg. This is the approximate weight of the fry at "swim 
up" when the fish start exogenous feeding. 
Analysis of the data was carried out using Chart, a computer statistical 
package (see Appendix A for details of this analysis). An exponential 
power curve was fitted to the data using power least squares 
regression. This assumes the data fits the relationship 
Pc = awb 
where Pc is Critical Oxygen Tension; a is the x intercept and b is the 
regression coefficient and gradient, both are constants and W is 
yolkless wet weight. 
Figure 15 shows the data plotted on log axis and the statistically 
generated line of best fit illustrated for the data. Table 3 contains the 
results of the statistical analysis, 
Table d Analysis and statistical data for the plot of Critical Oxygen 
Tensions against Wet Weight for Q_:,_ my kiss (see Figs. 13, 14 and 12_h 
I 
SIZE a±St. b±St. Correlation Corrected r~ Standard 
Error Error Coefficient I Error of Plot 
1140.72 
! I o.19n Hatch to 110 -0.88 -0.899 0.83 
mg. ±0.166 ±0.042 
100 - 4000 1.64 0.052 0.384 I 0.081 I 0.1564 I 
m_g. I ±0.108 ! ±0.017 I 
From the statistical analysis the first area of the plot would appear to 
fit the relationship described, however the second half of the plot does 
not. This suggests that there is a change in the critical oxygen tension 
with growth. This change is also not simply a change in rate but a 
change in its overall relationship to size (in the form of weight gain). 
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S. maximus 
Critical oxygen tension levels were determined for S. maximus larvae 
and fry up to approximately 400 mg. The smallest larvae tested had a 
Pc of about 6.5 mg.02/litre which represents about 77% of air saturation 
at 24oc while the oldest larvae had a Pc of 1. 5 to 1. 8 mg. 02/ litre. The 
results of this analysis are tabulated in Appendix A. They are also 
presented graphically in Figure 16 From the plot the Pc. for S. 
maximus changes rapidly from hatch in a similar manner to that of 0. 
mykiss. The rapid decrease in Pc occurs immediately after hatch, this 
levelling out to a more stable value at approximately 80 mg. in weight. 
To clarify the early change Figure 17 shows the results for fish up to 
150 mg. in size. 
Analysis of the curve was carried out by plotting the· data on log axis 
(Figure 18) and the statistical analysis of the result and line of best fit 
data is presented in Table 4. 
Table ! Analysis and statistical data for the plot of Critical Oxygen 
Tensions against Wet Weight for ~ maximus (see figs. 16, 17 and 1&1.:.. 
SIZE a±St. b±St. Correlation Corrected d. Standard 
-- --
Error Error Coefficient Error of Plot 
Hatch to 395 30.55 -0.236 -0.603 0.92 0.119 
mg. ±0.093 ±0.01 
1.1 mg to 87 38.88 -0.261 0.803 0.87 0.119 
mg ±0 .14 ±0.016 
From the analysis the data would appear to be linear, however 
considering the restricted range of size of fish analysed the non 
logarithmic rate of change is not emphasised. It is very likely that 
there is an extended non-power related component for the larger fish. 
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If this is excluded along with the smallest fish the new regression 
equation is predicted in Table 4. 
Routine Oxygen Consumption 
.Q...:_ mykiss 
Using the dual mode respirometer the routine oxygen consumption for 
.Q...:_ mykiss alevins and fry was determined for at least 1 hour without 
oxygen levels dropping below the Pc for the fish, this included fish 
which had just hatched up to approximately 10 grams. The fish which 
had just hatched had a routine oxygen consumption of 4. 6 to 7. 7 ]..lg 
02/ hour/ individual, this had increased to approximately 35 ]..lg 
02/ hour/ individual by the start of exogenous feeding. Analysis of the 
data was carried out using Chart, a computer statistical package. An 
exponential power curve was fitted to the data using power least 
squares regression. This form of analysis is normally undertaken using 
log. transformation of the data and fitting a simple linear regression to 
the data, this was also carried out for this set of data. The reduced 
axis or geometric mean (GM) regression is also calculated for the data 
as a comparison. 
The results from this analysis are tabulated in Appendix A. Figure 19 
presents these results in relation to the yolkless wet weight of the fish. 
The analysis of oxygen consumption/ weight relationships has been 
widely studied using log axis or log. transformation to linearise the 
data. The log plot of these results are shown in Figure 20. Statistical 
analysis was carried out on the data and a summary of the results are 
presented in Table 5. Analysis of covariance shows a highly significant 
(p = 0.001) difference in the the rate of change of routine oxygen 
consumption rates for the fish during development shown in Figures 19 
and 20. 
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Table ~ Analysis and statistical data for the plot of Routine Oxygen 
Consumption against Wet Weight for 0. my kiss Comparing Different 
Regression Analysis Types (see Figures 19 ~ 20) 
SIZE a ±St . b±St. Correlation Corrected Standard 
--
---
Error Error Coefficient r~ Error of 
-
Plot 
Hatch to lOg 0.825± 0.81± 0.978 0.977 0.193 
Power Fit 0.057 0.009 
Log 0.825 0.81 0.98 0.977 
transformed 
Data 
GM 0.7759 0.82 0.88 0.977 
Regression 
Hatch to 70 0.069± 1.49± 0.872 0.88 0.213 
mg 0.509 0.134 
Power Fit 
Log 0.163 1.25 0.88 0.879 
transformed 
Data 
GM 0.088 1.409 0.88 0.879 
Regression 
>70 mg 0.754± 0.82± I 0.978 0.978 0.17 
Power Fit 0.061 0.009 
Log 0.747 0.823 I 0.988 0.977 
transformed 
Data I 
GM 0.7021~  0.98 0.977 Regression 
From the analysis the relationship described fits the power equation 
Routine Oxygen Consumption = 0.825w0.81 
over the entire size range studied at 10°C for Q.=._ my kiss. were W is 
yolk.less wet weight. However 1 there is a significant difference in the 
rate of change during the period studied and so the two rates are also 
shown in Table 5. From this analysis it is apparent that the initial rate 
of development of routine oxygen consumption is far higher than for 
larger fish. Comparison of the 3 regression methods used on the data 
shows minimal differences in the two samples with large sample sizes 1 
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however the sample with the reduced size was underestimated using the 
log transformed data. 
S. maximus 
Routine oxygen consumption were measured for S. maxim us for a range 
of sizes. The range measured was from first feeding to post 
metamorphosed fry approximately 400 mg. in size. The size range was 
limited because sampling had to fit around the commercial production of 
the fish, sampling was therefore restricted to a small degree. The 
smallest larvae had a routine oxygen consumption of approximately 2 pg 
021 hour/ individual, this had risen to 114 pg 021 hour/ individual for 
the largest larvae. The results obtained are tabulated in Appendix A, a 
graphical presentation of the results is shown in Figure 21 . As for 0. 
mykiss the relationship between weight and oxygen consumption is 
thought to be allometric the results should give a linear relationship 
when plotted on a bilogarithmic plot. 
Analysis of covariance of the data suggests a highly significant ( p= 
0. 001) difference in the rate of dev elopment of mass specific oxygen 
consumption for the smallest larvae ( <10 mg) compared to larger fish 
( > 10 mg) . The regression analysis of the two ranges of fish has been 
calculated and the lines of best fit are presented in Figure 22. The 
statistical analysis of the plot is shown below in Table 6. 
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Table §. Analysis and statistical data for the plot of Routine Oxygen 
Consumption against Wet Weight for §.=. maximus (see Figs. 21 and 22) 
' 
' [ Correlation SIZE a±St. b±St. Corrected Standard 
--
--
Error , Error I Coefficient rf Error of Plot 
Hatch to 424 3.01± 0.64± 1 0.906 0.941 0 . 248 
0.07 0.023 mg. I 
Hatch to 10 2 . 31± 0.89± 1 0.891 0 . 889 0 . 222 
0.1 0 . 07 mg I 
' > 10 mg 3.18± 0 . 62± 0.9 0.9 0.221 
0.15 0.039 
From the analysis the oxygen consumption rate for s·: maximus appears 
to have a scaling constant of 0. 64 over the whole size range measured. 
However, there is a change in the rate of change for routine oxygen 
consumption and the changes in the rate are shown in Table 6. There 
is an apparent drop in the mass specific rate of oxygen consumption 
during development, with the rate dropping from 0.89 to 0.62. 
Specific Oxygen Consumption 
0. mykiss 
Once routine oxygen consumption had been estimated then mass specific 
oxygen consumption or metabolic intensity could be calculated . Specific 
oxygen consumption rates can be expressed in terms of routine oxygen 
consumption rates as shown overleaf. 
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Specific 02 Consumption = aw(b-1) 
where a and b are the constants from the predictive equation for rV02 
and weight is in mg. The result is in mg02/ g wet weight /hour. 
e.g. a fish of 5000mg would have an estimated specific oxygen 
consumption of 0. 754*5000mg. (0. 82-1) =0.162mg02/g wet weight/ hour. 
This compares with values of 0.16-to 0.2 for actual values. 
The maximum mass specific oxygen consumption was found at around 65 
to 70 mg in weight (see Figures 24 & 25) approximately halfway through 
the period of endogenous feeding. An approximate rate of 450 to 500 pg 
02/g/hour was found for these fish. After this, the rate declined with 
the largest fish having a rate of 150 pg 02/g/hour. The results of this 
analysis can be found tabulated in Appendix A. Figure 23 shows a plot 
of these against the wet weight of the fish. Figure 24 shows the early 
change during development for fish up to 2 grams, A bilogarithmic plot 
in Figure 25 shows the linear relationships and also the lines of best fit 
predicted by power least squares regression analysis for the data. The 
results of the statistical analysis are tabulated in Table 7. 
Table ?_ Analysis and statistical data for the plot of Specific Oxygen 
Consumption against Wet Weight for 0 my kiss (see Figs. 23, 24 and 25) 
SIZE a±St. b±St. Correlation Corrected r~ Standard 
-- --
Error Error Coefficient Error of Plot 
Hatch to lOg 824.7± -0.19± -0.545 0.697 0.193 
0.05 0.009 
Hatch to 70 69.04± 0.496± 0.535 0.43 0.21 
m_g 0.51 0.13 
> 70 mg 754.07 -0.178 -0 . 602 0.675 0 . 17 
±0.06 ±0 .009 
--
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From Figure 24 the metabolic intensity for the fish declines as 
development progresses after approximately 65 mg 1 however before this 
it increases. 
S. maximus 
The mass specific oxygen consumption for ~ maximus were calculated 
using the values obtained for routine oxygen consumption. The smallest 
larvae were found to have a rate of approximately 2000 pg 02/g/ hour 1 
this rate remained constant with mass until the fish were approximately 
10 mg in size (see Fig 27) after this there was a general decline with 
the largest fish having a rate of approximately 300 pg 02/g/hour. The 
results of these calculations can be found in Appendix A in tabulated 
form. The results are graphically presented in Figure 26. The 
bilogarithrnic plot and the lines of best fit predicteq by power least 
squares regression analysis are presented in Figure 27. the results of 
the statistical analysis are presented in Table 8. 
Table ~ Analysis and statistical data for the plot of Specific Oxygen 
Consumption against Wet Weight for S. maximus (see Figs 26 & ~ .
I 
SIZE a±St. b±St. I Correlation Corrected r~ Standard 
-- -- ! 
I 
Error Error !_Coefficient Error of _!:!2!_ 
Hatch to 424 2880.7 -0.35 t -0.626 0.816 0.258 
mg. ±0.07 I ±0 .02 ! 
' i 
Hatch to 10 2208.8 -0.08 1 -1.792 0.014 0.236 
±0.104 ±0.07 I mg ' 
> 10 mg 3181.2 -0.38 : -0.707 
i 
0.77 0.22 
±0.15 ±0.04 I I 
From the rate calculated for the change in weight specific oxygen 
consumption there is an apparent decline with development of fish over 
10 mg 1 however 1 below this size range the rate of change in mass 
specific oxygen consumption does not differ significantly from unity. 
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Acclimation Time 
Oncorhynchus mykiss 
DISCUSSION 
The analysis of acclimation time for ~ mykiss showed a clear elevation 
in the oxygen consumption of the fish immediately after transfer into 
the respirometer. If an accurate estimate of the routine oxygen 
consumption is to be made then the effects of transfer must be 
discounted from any analysis. The time for recovery from the transfer 
must be estimated before any estimate of rV02 is made. From the 
results the alevins 02 oxygen consumption reaches a constant rate after 
approximately 80 minutes after transfer to the respirometer 1 while the 
larger fry (mean weight 0. 2235g) take longer ( 150 minutes) for a stable 
oxygen consumption to be obtained. This initial increase in oxygen 
consumption for fish has also been observed by other workers. M organ 
(1971) found that ~ mykiss fry (approx . 0.2g) took 2 to 3 hours to 
reach a stable rate of oxygen consumption . Brett ( 1973) found that 
salmon fingerlings took between 20 hours and 8 days before oxygen 
consumption rates stabilised 1 Carrick ( 1981) found that ~ trutta fry in 
the size range 0.1 to 5g required 5 to 6 hours to reach a stable rate of 
oxygen consumption. 
The initial elevation in oxygen consumption rates are likely to be a 
result of increased activity of the fish after the transfer. This would 
have been induced by a number of factors . These include; physical 
disturbance; change in environmental conditions or some form of escape 
response. These factors are likely to increase the activity of the larvae 
during and after transfer. Salmonid alevins normally have relatively low 
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activity rates during their initial development because of the yolk-sac 
size 1 physical disturbance of these fish in transferring them to the 
respirometer is likely to cause elevated activity rates after transfer. 
It was also noted during and immediately after the transfer procedures 
that the activity of the fish increased. During transfer the light regime 
the fish were exposed to changed slightly as the polythene cover was 
moved for access. This change in the light regime may have also 
increased activity as salmonid larvae are negatively photo tactic. A 
number of authors have found the oxygen consumption of salmonid 
embryos to increase with exposure to increased light intensity (e.g. 
McCrimmon & Kwain 1 1969; Hamor and Garside 1 1975). 
The other significant observation of this analysis is that the older fry 
took longer to stabilise their oxygen consumption 1 this may simply been 
a result of the extended transfer time for these fish. The older fish 
generally took slightly longer to transfer to the respirometer because 
they could evade capture more easily than the alevins. This may well 
reflect their increased capacity for aerobic scope ( Wieser 1 1985). The 
other possibility is that the older fish would have a better developed 
sensory system and the transfer procedure may be relatively more 
traumatic for them with regard to inducing a stress response. 
This increase in acclimation time has also been noted by other workers. 
Wieser et al. ( 1985) noted that the routine oxygen consumption of Q.:_ 
my kiss of 0. 095g returned to pre-stimulus rates within 1 hour after 
being electrically stimulated for 1 minute. Fish of 1g and 12. 2g 
however 1 took 4 hours for pre-stimulus routine oxygen consumption 
levels to be attained. This would suggest that the larger fish either 
expended more aerobic energy during and after a period of stress in 
post stimulus excitement and therefore needed longer to recover or the 
larger fish was affected more by the period of stress because of its 
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greater level of sensory development and took longer to recover. It 
seems likely that the increased aerobic scope of the . fish with 
development ( Wieser, 1985; Wieser et al, 1985) allows the fish to 
increase its metabolic activity during a period of stress. 
Scophthalmus maximus 
The results for the analysis of the acclimation period for §...=._ maximus 
show a similar pattern to that of Q.=._ mykiss. After initial transfer to the 
respirometer the fish showed an elevated oxygen consumption compared 
to later measurements. The oxygen consumption stabilised for all size 
groups of fish tested after 80 minutes in the respirometer and there 
was no evidence to suggest that the older larvae had elevated oxygen 
consumption values for longer. The elevated oxygen consumption for 
pelagic larvae has also been noted by other workers Wieser & Forstner 
( 1986) found elevated oxygen consumptions for juvenile cyprinids after 
transfer to the respirometer which they termed "handling effect". The 
lack of any increase in the period needed for recovery for these fish 
may reflect their high aerobic metabolic scope during larval 
development, this declines slowly with development. Pelagic larvae rely 
more heavily on aerobic metabolism during early development with little 
scope for anaerobic metabolism unlike demersal species such as Q.=._ 
mykiss (Wieser & Forstner, 1986). The lack of any age dependant 
recovery period may reflect the minimal change in aerobic scope for 
these fish during this period. 
This initial analysis illustrates the value of an acclimation period when 
making respiratory measurements, if routine oxygen consumption values 
are to be measured for fish, the fish must be unstressed and behaving 
naturally for these values to be of any meaning. 
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Critical Oxygen Tensions. 
Oncorhynchus mykiss 
From the results section the critical oxygen tension (Pc) for Q..:_ my kiss 
decreases rapidly in the initial period of larval development (i.e. up to 
110 mg). The results are comparable with other studies on Q..:_ mykiss 
with Romborough (1986) estimating a maximum Pc of 7.6 mg/ 1 at 6°C; 
8. 7 mg/1 at 9°C and 9. 5 mg/ 1 at 12°C for embryos, the figure for 
alevins would be slightly less than this because of the removal of the 
chorion which presents a partial barrier to gaseous exchange. The 
initial decrease in rate can be estimated from the following regression 
equation. 
Pc= 140 . 72w-0.88 
where W is the wet weight of the larvae in mg. 
In previous papers (e.g. Fry & Hart, 1948; Beamish, 1964a:. Spitzer et 
al. , 1969; Douderoff & Shumway, 1970) the critical oxygen tension of 
adult fish has been shown to be heavily influenced by metabolic rate, 
with increases in metabolic rate increasing the Pc of the fish. The 
increases in metabolic rate normally being induced by increasing rearing 
temperature; the activity of the fish or inducing stress. The effects of 
temperature have more recently been questioned when relating to 
thoroughly acclimated fish (Ultsch et al., 1978; Ott et al, 1980) which 
allows compensatory adaptations to take place. 
Over the period studied the metabolic activity of the fish generally 
increased giving a rising level of oxygen demand on the respiratory 
system, it is apparent from the results however, that during this same 
period the critical oxygen tension decreased. 
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Romborough (1988a) also studied the critical oxygen tension of 0. 
mykiss in relation to development and temperature. He also found a 
sharp decline with age of the alevins. In relation to time he found the 
initial change in Pc to be estimated by the following equation 
Pc = 5.56 - 1.04 ln d + 0.131T 
where d is number of days post hatch and T is incubation temperature. 
This analysis confirms the results obtained in this study 1 however 1 it 
gives no indication of the size dependant relationship found so direct 
comparison with the data obtained in this study is difficult. 
The decrease in critical oxygen tension over the same period of steadily 
increasing oxygen demand suggests a major adaptation in the ability of 
the fish to regulate the level of gaseous exchange. Romborough (1988a) 
suggested that the rapidly developing gill area at this same time may 
provide the increased capacity to allow this. Romborough (1988a) also 
found a significant effect from temperature 1 the fish had also been 
incubated at the different temperature regimes and so the result is 
highly unlikely to be a function of inadequate acclimation. The likely 
explanation is that these larval salmonids do not have the scope to 
change their physiological processes sufficiently to cope with less than 
optimum rearing temperatures 1 the effect of temperature on metabolism 
is known to be far more pronounced on larval salmonids than the adults 
( Gruber & Wieser 1 1983). 
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Scophthalmus maximus 
The analysis of critical oxygen tensions for ~ maximus show a similar 
pattern to that of ~ mykiss with a decline after hatching. From the 
regression analysis (see Table 4, p. 35) the Pc for ~ maximus can be 
estimated from the following equation 
Pc = 3o.ssw-0.236 
Comparison of this equation with that obtained from ~ mykiss suggests 
that the rate of decline for S. maxim us is less. These results differ 
from other studies on marine fish, DeSilva & Tytler (1973) found the 
LCso values for ~ harengus rose during early larval development until 
metamorphosis, after which they declined. Similar results were also 
found for ~ lump us by Davenport ( 1983). However, LCso values for P. 
platessa declined through larval development with the highest values 
occurring shortly after hatch . The difference between ~ platessa and 
~ harengus was attributed to the earlier formation of haemoglobin in 
~ platessa by De Silva & Tytler (1973). A possible explanation of these 
differences between C. harengus, ~ lumpus and ~ maximus is that ~ 
maximus was reared at a much greater ambient temperature than these 
other species, it also is a warm temperate species rather than a cold 
temperate species like the above examples. Haemoglobin also appears 
late in the blood of some of these species, often not until after 
metamorphosis and the gills remain undeveloped early on in larval 
development. The S. maximus larvae may therefore have adaptations to 
allow respiratory regulation during early life because of the reduced 
available oxygen at higher temperatures. Careful examination of the 
bilogarithmic plot of the data (Figure 18) suggests that the data is not 
absolutely linear for this period and that there is an initial delay in the 
reduction in the Pc and that for the largest fish measured there is a 
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stabilisation of the values, giving a slightly sigmoid curve to the data. 
If the extreme points in the data range are excluded then the 
regression equation becomes 
Pc = 3S.ssw-0.261 
This result is higher than the value calculated over the whole size 
range. This similarity in the relationship for both fish suggests that 
the adaptations causing the rapid decline are occurring in both species. 
It is suggested that the occurrence of this drop in Pc values 
immediately after hatch for both species may be a characteristic of all 
fish species during their early development, the diverse nature of the 
two species studied and the similarity in the rate of decline would 
indicate similar adaptations during this early period of development. 
The difference in the rapid reduction in Pc found in the two species in 
this study suggests a difference in the development of the respiratory 
regularity ability. From the bilogarithrnic plot of Pc for ~ maxim us the 
major change in Pc starts to occur after the fish have reached 1 mg in 
size, this is also the same size that the gills of the larvae start to 
develop lamellae . (see Chapter 2). If this is contrasted with the situation 
in ~ mykiss where normally some lamellae are already present in the 
gills of the larvae on hatch and are regarded as being functional by 
some workers ( Morgan, 197 4b, Peter son, 1975) . The Pc for these fish 
starts to decrease immediately on hatch. It seems highly likely that this 
sudden decrease in Pc for both species is likely to be a result of 
developments in the respiratory system for both species. There is some 
commonality in the timing of the decline for both species, this is the 
rapid increase in the gill over the same period. The results from this 
initial study appear to agree with the hypothesis proposed by 
Romborough ( 1988a) that the decline in Pc for larval fish is related to 
the rapid development of the gills over the same period . 
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Routine Oxygen Consumption 
Oncorhynchus mykiss 
The results for the routine oxygen consumption show an increase in 
oxygen consumption for Q.:_ mykiss with the increase in development and 
size, the increase follows a power relationship which can be expressed 
as:-
Routine Oxygen Consumption = awb 
where a and b are constants and W is weight. 
The relationship for Q.:_ mykiss in this study clearly fits that form of 
relationship ( r2=o. 98, see table 5 and Fig. 22) 
The regression analysis comparison presented in the results suggests 
little difference in the estimates of the rates. GM regression analysis 
has been suggested as the appropriate regression method for many 
biometric and power relationships in biological systems ( Ricker, 1973) 
this is because of the innate variation within both variables i.e. weight 
and oxygen consumption. One of the problems of least squares 
regression is that it tends to under estimate the regression coefficient. 
However, in generating regressions for predictive analysis the least 
squares method is recommended because GM mean regressions introduce 
a second set of variance (Fowler & Cohen, 1992) . The GM regression 
using log . transformed data is within the confidence limits of the power 
least squares regression estimate. However, the correlation coefficient 
for the log. transformed data is less than that for the power least 
squares estimate. The reason for this may well be rounding error in the 
data analysis using the log. analysis. The GM regression depends on 
the correlation coefficient in its determination, or the variance within 
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each stanza, with small r values the difference between the log. least 
squares analysis and GM regression is likely to be insignificant. 
From the analysis the power least squares regression used in this study 
does not under-estimate the regression coefficient b which has been 
found for the log. transformed least squares analysis. Little significant 
difference between the two regression methods has also been found in 
estimating power relationships by other workers (e.g. Kamler, 1976) . 
For the purposes of this study it is thought appropriate to use the 
power least squares regression which provided a better estimate of the 
power relationship of the data, this is shown by the higher correlation 
coefficients produced by this method especially with relatively small 
values and the correlation coefficients produced in the analysis tended 
to be highly significant and therefore the GM estimate is unlikely to 
significantly different from the power least squares method. 
Comparison of the results in this analysis with other published data 
show a similar range. Analysis of data from Romborough (1986) shows a 
rate of 10 to 14 pg. 02/ hour/ individual for just hatched 0. my kiss 
larvae. This is significantly different from the result of 4.6 to 6.2 
pg. 02/ hour/individual found in this study, however, comparison of the 
wet weights of the larvae show that the larvae used by Romborough 
( 1986) were at least twice as large as those used in this study. 
Comparison of weight specific data will eliminate this variation and is 
discussed later in this section. From the analysis of the data there is 
an apparent diphasic allometry in the routine oxygen consumption of Q..:_ 
my kiss over the period studied. The rate of change of oxygen 
consumption with weight increased initially during the yolk-sac 
development stage up to approximately 70mg at a rate of 1. 42 (see Fig. 
25) . The rate declines after this, the mass specific aerobic metabolic 
rate remains at 0. 82 , indicating a general decline in the oxygen 
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consumption of the fish per unit weight. The routine mass specific rate 
for fish is normally thought to be 0. 8 for all adult fish (Winberg 1 1956; 
Hughes 1 1984a) and this value remain constant throughout the life span 
of the fish. There has been a number of studies however 1 that have 
suggested that the routine mass specific rate differs from the generally 
accepted value of 0. 8 both for adult and larval fish. Holeton ( 1973) 
found a mass specific rate of 1. 08 for Salvelinus alpinus reared at 2°C. 
Wieser ( 1985) found a rate of 0. 96 and 0. 93 for alevins and free 
swimming 9...=._ my kiss fry while Romborough ( 1988a) found a rate of 1. 05 
for alevins of 9...=._ my kiss. Comparison of these results with the data in 
this study suggests that mass specific oxygen consumption rates during 
the early development of salmonid larvae and fry is significantly greater 
than 0. 8 and normally is nearer unity. 
Scophthalmus maxim us. 
From the analysis of routine oxygen consumptions for §....:_ maximus there 
is an increase in oxygen consumption with increasing size over the 
period of study. Comparison with results in the literature for other 
species at the same stage of development show similar rates of routine 
oxygen consumption e.g. 0. 8pg 02/ hour/ individual for Pagrus major at 
2ooc (estimated from Oikawa et al., 1991); approximately 1pg 
02/ hour/individual for Mugil cephalus at 24°C (estimated from Walsh et 
al., 1989). These compare with 1.5 pg 02/ hour/ individual for S . 
maximus at 24 oc in this study. The change in routine oxygen 
consumption also follows the power relationship with weight. Analysis of 
the results suggests a diphasic relationship with respect to weight with 
the change in rate occurring around 10 mg. The smaller larvae show a 
higher rate of increase in the mass specific oxygen consumption rate 
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(b= 0.89) than the older larvae (b= 0.62). This change in the rate has 
also been observed in other marine species (e.g. Oikawa et al. , 1991, 
Lawrence, 1978) though not all fish demonstrate this phenomenon. Al 
Kadhomiy (1985) found no change in the rate during early development 
for Platichthys flesus. Other studies on similar species have found no 
change in the rate but have comparable values to the one estimated in 
this study for S. maximus. DeSilva & Tytler ( 1973) found a rate of 0. 65 
for Pleuronectes platessa, Almatar ( 1984) found values between 0. 7 4 and 
1.33 for !::_ platessa while Hickman (1959) found a rate of 0.859 for 
Platichthys stellatus over lOg. 
The fish used in this study had not fed for at least 2 hours however, 
the metabolic consequences of feeding (i.e. Specific dynamic action) may 
still be present after this period. This may well have · an impact on the 
value determined for the routine oxygen consumption as an active 
feeding rate has been estimated to be about twice that of the non-
feeding fish (Houde & Shekter, 1983; Keckeis & Schiemer, 1990). The 
other major consideration regarding the estimate of routine oxygen 
consumption is the normality of the behaviour of the larvae in the 
respirometer. The larvae of S. maximus are pelagic and under normal 
circumstances are not likely to be confined or encounter large solid 
objects. The sensory development of the larvae in these early stages is 
sufficient for them to react to touching the sides of the respirometer by 
moving away. This will cause an increase in the level of their activity 
above their normal behaviour. It therefore seems likely that any method 
of measuring routine oxygen consumption will overestimate the true 
value because of this. 
In determining the routine oxygen consumption for both species of fish, 
an estimate of the normal respiratory demand of these fish can be 
estimated and also periods of reduced or elevated demand can be 
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determined for the period of development under study. From the 
literature it is apparent that during early development of larval fish 
there is a period when the respiratory demand of the larvae is 
increasing at a far greater rate than for larger fish. This can be shown 
by reviewing the mass specific oxygen consumption rate for these larval 
fish. Generally it is close to unity suggesting no change in the mass 
specific oxygen consumption with increasing weight for these fish (see 
reviews by Romborough, 1988b; Hughes & Al- Kadhorniy, 1988; Oikawa et 
al., 1991; Burggren & Pinder, 1991). The mass specific rate has not 
been found to be elevated for all species during early development, a 
number of examples exist of relatively low rates have been found (e.g. 
De Silva et al, 1986, De Silva & Tytler, 1973) . 
Mass Specific Oxygen Consumption 
Oncorhynchus mykiss 
This relationship can be expressed in the same terms as routine oxygen 
consumption with respect to weight by the equation: 
Specific Oxygen Consumption = aw(b-1) 
Mean mass specific oxygen consumption for Q:,_ mykiss at 12oc was 
found to be 405 pg. Oz / g wet weight/ hour by Romborough ( 1988a), this 
compares with values of 250 to 600 pg . Oz/ g wet weight/ hour over the 
same period in this study. The results for 0. my kiss over the size 
range studied suggest an initial increase in the rate, as development 
p r ogr esses then t he values decline s howing a negative correlation with 
weight. This agrees with the findings of Wieser & Forstner (1986) for 
Q:,_ my kiss. An initial rise in the weight specific oxygen consumption 
has also been found for a number of other species e.g. Clupea 
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harengus (Holliday et al, 1964), Tautoga onitis (Lawrence, 1973), 
Engraulis mordax (Weihs, 1980b), Cyclopterus lumpus (Davenport, 
1983), Oncorhynchus tshawytscha, (Romborough, 1988b) Mugil cephalus 
(Walsh et al, 1989). The regression relationship for this early period 
has been determined, however the r2 is relatively poor (r2 = 0.535) 
suggesting a non-exponential relationship for this early increase. 
Scophthalmus maximus 
The results for S. maximus show an initial period during development 
where there is no change in the mass specific oxygen consumption (see 
Fig. 27) , the slope over this period not being significantly different 
from unity. Comparison with other larvae of a similar size and stage 
suggest that the results for §...=.. maximus are in a similar range e.g. 
2000 pg 02/ g wet weight/ hour at 20°C for ~ major (estimated from 
Oikawa et al., 1991); 1700 pg 02/ g wet weight/ hour at 24oc for Sparus 
aurata (estimated from Quantz & Tandler, 1982) compared to 2000 pg 
02/g wet weight/ hour at 24°C for S. maximus in this study. After 10 
mg there is a general decline in the mass specific oxygen consumption. 
This initial period is similar to that of Q:_ mykiss which also shows an 
initial change in the mass specific relationship. From the literature on 
larval metabolic activity, an initial period of elevated weight specific 
values close to unity is common to many species (e.g. Davenport & 
Lonning, 1980; Forstner et al., 1983; Kamler, 1976; Oikawa et al, 1991) 
The results in this study would add to the evidence for this, there is a 
general rise in aerobic metabolic activity for Q:_ my kiss, while there is a 
period of elevated values with little change in the rate related to mass 
for S. maxim us. 
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The reason for this period of elevated metabolic oxygen demand has not 
yet been clearly defined 1 however a number of ideas have been 
suggested to explain this. Quantz & Tytler (1982) attributed the high 
metabolic rate in larval Sparus auratus to increased feeding activity and 
the metabolic consequences of digestion. Increases in activity has been 
suggested by a number of workers for this rise in aerobic metabolic 
demand (e.g. Holliday et al., 1964; Davenport & Lonning, 1980; 
Davenport, 1983). 
For small pelagic larval fish the metabolic cost of movement in water is 
relatively higher than in larger fish. The Reynolds number (calculated 
from length and relative speed) for these larvae is small ( <10) 
suggesting that larval fish movements are more heavily affected by the 
viscosity of water because of their size (Webb, 1975; Weihs 1 1980a; 
Blaxter, 1988) 1 whereas larger fish have to maintain inertia for efficient 
swimming. It is therefore important for larval fish to maintain high 
speeds to be efficient. 
The normal swimming behaviour of many young larval marine fish is a 
rapid serpentine thrust to avoid predators or capture prey (Hunter, 
1972 ; 0' Connell, 1981; Chaudhuri et al., 1978; Liao et al., 1979; Pers. 
Observ.). Forstner et al. (1983) found that Coregonus larvae 
maintained a continuous swimming pattern but were not capable of fast 
reactive swimming. This observed difference may reflect the difference 
in densities of the two environments with seawater having a 
significantly higher density than freshwater 1 or the relative size 
differences of the larvae with Coregonus larvae generally being larger 
than the marine larvae mentioned. These forms of swimming may 
therefore have a relatively high metabolic cost to the larvae if 
maintained over a period of time. The routine weight specific aerobic 
metabolic demand of these larval fish may therefore be closer to the 
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active weight specific aerobic demand which has been shown to be close 
to unity (Brett & Groves, 1979; Wieser, 1985). Other evidence for this 
is that the difference between routine oxygen consumption (rVOz) and 
standard oxygen consumption ( sVOz) termed the routine scope for 
activity declines during larval development with the routine oxygen 
consumption being the main factor in this decline ( DeSilva & Tytler, 
1973; Lonning & Davenport, 1980; Romborough, 1988b). This may 
reflect a decline in the aerobic metabolic cost for these larvae because 
of the increase in their size and so Reynolds number. It may also 
reflect a change in the metabolic tissue types used for this swimming 
activity with an increase in glycolytic metabolism. 
This period of high weight specific metabolic demand has also been 
associated with endogenous feeding (Romborough, 1988a). If salmonids 
are considered, this study has shown an initial increase until 70 mg, 
Wieser & Forstner (1986) suggested a general rise until approximately 
100 mg for Q.:_ mykiss from extrapolated data. This increase may well be 
associated with an increase in activity, the smallest alevins have 
relatively large yolk-sacs in comparison to body size and movement 
during this period is sporadic and normally only occurs when the alevin 
is disturbed. 
The musculature of these fish is also in the initial stages of 
development with only a relatively small muscle mass in comparison to 
total weight. This is especially true for demersal larvae such as 
salmonids with a relatively large yolk-sac. Movement during this period 
would be expensive in terms of metabolic cost. As the yolk-sac 
decreases in size and development progresses the relative cost of 
movement would become progressively less to the point where continuous 
activity can be maintained. During the initial stages of this process the 
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metabolic costs of activity would be high leading to high weight specific 
metabolic activity. 
High metabolic activity in larvae has also bee linked with the levels of 
oxidative metabolic enzymes. Forstner et al., ( 1983) and Hinterleitner et 
al, · ( 1987) have linked the high mass specific metabolism with the high 
levels of oxidative enzymes and a high proportion of red muscle in the 
tissues of pelagic larvae such as cyprinids. Low levels of glycolytic 
enzymes were found in the larval coregonids and cyprinids studied 
suggesting they had a low capacity for anaerobic metabolic activity. The 
later development of these and glycolytic muscle were suggested as the 
reason for the later decline in the aerobic metabolic rate. 
El Fiky et al., 1987 and El Fiky & Wieser, (1988), have linked the 
development of the branchial respiratory surface with the aerobic muscle 
tissue and its location. In early life the aerobic m yob lasts of larval fish 
form a layer around the whole body bf the fish, just below the dermal 
layer (Forstner et al, 1983; Batty, 1984; Matsuoko & Iwai, 1984). El 
Fiky et al. , ( 1987) and El Fiky & Wieser, ( 1988) suggested a 
respiratory role for this tissue during the early life history before the 
gills were fully functional. As the gills develop the "red layer" 
constricts and accumulates towards the midline of the body were the 
development of adult red muscle tissue occurs. The central muscle mass 
of these fish was thought to be oxidative rather than glycolytic as 
Hinterleitner et al. ( 1989) have shown very low levels of glycolytic 
enzyme activity in these fish during early life. However, with no 
further evidence to substantiate this hypothesis it seems more likely 
that the location of the "red· layer" in larval fish is more likely to be a 
strategic one. During early development the gas exchange is likely to 
be at a cutaneous level, by locating the aerobic muscle tissue 
responsible for locomotion in a thin layer near the surface of the body 
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the diffusion distance is minimised. Most of the metabolic activity of 
these fishes is aerobic during this period and so the close proximity of 
the muscle to the surface is a beneficial one. Batty ( 1984) showed that 
the "red layer in f..=_ harengus was the major site of aerobic metabolism 
and responsible for larval movement, he also showed using data from 
DeSilva ( 1974) that the decline in the "red layer" could be linked to the 
increase in the development of the gills for this species. 
Hinterleitner et al (1987) also presented data on metabolic enzymes for 
.Q.:_ my kiss. The just hatched alevins of .Q.:. my kiss have relatively low 
levels of oxidative enzymes, which appears to be compatable with 
studies on the development of aerobic musculature of these fish (Nag & 
Nursall, 1972). Careful analysis of this data shows a rise in the 
oxidative enzyme citrate synthase during endogenous feeding for 0. 
mykiss mirroring the rise in mass specific metabolic rate found in this 
study and inferred by Wieser & Forstner ( 1986). Cytochrome oxidase is 
normally thought to be the rate determining enzyme in fish oxidative 
metabolism (Smith & Chong, 1982), however, comparable levels of this 
enzyme were found in all three families of larval fish studied by 
Hinterleitner et al, (1987). This delayed rise in oxidative enzymes for 
demersal .Q.:_ mykiss larvae has also been shown to occur in the Danube 
bleak Chalcalburnus chalcoides which also has demersal larvae with a 
long period of endogenous feeding. 
Oxygen availability has also been suggested as a reason for the changes 
which occur in aerobic metabolic rate. Pauly ( 1981) suggested that in 
the later development of fish oxygen availability becomes limiting and 
the aerobic metabolic rate is maintained below unity. However, in early 
larval development he proposed that oxygen availability was not a 
limiting factor and the metabolic rate is generally close to unity. It was 
suggested that the reason for the lack of oxygen limitation was the 
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rapid development of the gill area during larval development with mass 
specific rates often exceeding unity during this period (See Chapter 2). 
Contrary evidence has been found to this hypothesis in two papers by 
Oikawa & Itazawa (1984 1 1985) where no relationship between resting 
oxygen consumption and respiratory surface area was found for 
Cyprinus carpio. 
A recent paper by Oikawa et al. ( 1991) has suggested that the decline 
in the aerobic metabolic rate is due to an increase in the relative size 
of tissue with a low metabolic rate such as bone and white muscle and a 
general decrease in the aerobic metabolic activity of tissues with 
increasing mass. The elevated aerobic metabolic rate during early 
development was linked to organogenesis in primitive pelagic larvae. 
Differences in the general relationship were linked·· to demersal and 
pelagic larvae and the level of development of the larvae at hatch with 
undeveloped pelagic larvae showing an increase in metabolic activity. 
Evidence from this study would suggest that the relationship is not this 
simple. ~ mykiss larvae hatch relatively well developed and are benthic 
while S. maxim us larvae are pelagic 1 relatively undeveloped and contain 
a large subdermal space (similar to Pagrus major). Both species 
demonstrate an increased metabolic activity during early development 
compared to larger fish of the same species. However 1 ~ maxim us has 
a lower rate of development of mass specific aerobic metabolism than ~ 
mykiss. 
It seems likely that the changes in metabolic activity must be linked to 
both the larval swimming activity as well as the development of aerobic 
metabolising tissue in fish. Increases in both processes are likely to 
increase the general aerobic metabolism of the fish. Matsuoka and Iwai 1 
( 1984) identified the presence of the "red layer" of myoblasts in the 
larvae of Pagrus major and so the swimming activity of this fish is 
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likely to aerobic during early life. As the larvae get larger and 
development progresses this is likely to change with glycolytic 
respiration developing. The "red layer" has also been identified in 
larval S. maxim us and Q.:. my kiss in this study (see Chapter 3) . Its 
functional significance in Q.:. mykiss during early development remains 
controversial as Forstner et al ( 1983) suggest that early activity in 
salmonids is an anaerobic process, this is generally supported by 
enzymatic evidence from Hin terlei tner et al, ( 1987) . However, in this 
same study there was also a rapid increase in the oxidative enzymes 
during the yolk-sac period which may well explain the increase in 
aerobic metabolic rate found for the early part of the yolk-sac period in 
this study. The increase in oxidative enzymes allowing more efficient 
sustained swimming activity as the yolk-sac reduces in size. From 
histological evidence the presence of the myoblasts on the surface of 
body trunk of Q.:_ my kiss is apparent, however, its ability to function 
aerobically during early development remains questionable because of 
the lack of oxidative enzymes in the tissues of these larvae. It 
therefore seems likely that any sustained activity of Q.:_ mykiss alevins 
during the early period of endogenous feeding is likely to increase 
glycolytic processes rather than oxidative. The requirement for oxygen 
is likely to be greatly reduced. 
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Chapter 2 
Dimensions of Respiratory 
Surfaces 
INTRODUCTION 
In most species of teleosts the gills represent the major respiratory 
organ in the adults, thougl1 some recent studies have suggested that 
the skin may play an important role in respiratory gas exchange in 
some adult fish e.g. 15% in adult ~ mykiss ( Kirsch & Nonnette, 1977) 
(also see Lomholt & Johansen, 1979; Steffensen & Lomholt, 1985; Feder 
& Burggren, 1985). The oxygen exchanged at a cutaneous level in 
these large fish is likely to supply only localised demand at the skin 
surface (Feder & Burggren, 1985). 
The importance of any surface in respiration will depend on the surface 
area available, diffusion distance between water and blood, flow of 
blood and water to the area and the oxygen partial pressure in the 
water and blood. In larval and juvenile teleosts the relative importance 
of the gills may not be the same as in the adult, many newly hatched 
larvae often do not possess functional gills. It is therefore likely that 
respiratory gas exchange is initially cutaneous in these species. The 
importance of cutaneous respiration in these early stages has been 
suggested by a number of authors (Fry, 1957; Holeton, 1971; Balon, 
1975; Iwai & Hughes, 1977; McDonald & McMahon, 1977; McElman & 
Balon, 1979; Proctor et al., 1980; van Raamsdonk et al., 1982; Batty, 
1984; Hughes, 1984a; Oikawa & Itazawa, 1985; El Fiky et al., 1987; 
Blaxter, 1969, 1988) However, there has been little work as yet to 
quantify the r ole of cutaneous respiration in early larval stages . 
During the development of teleost larvae, a number of structures have 
been described which would aid respiratory gas exchange. Lanzing 
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( 1976) described an extensive vascular network in the body trunk of 
yolk sac Oreochromis mossambicus. The dense net of blood vessels in 
the dorsal fin fold of many species has also been suggested as a 
respiratory site ( Balon, 1975). The large yolk sac and extensive 
vascular network present in larval salmonids has been suggested as a 
major respiratory site by some authors (Byczkowska-Smyk, 1961; 
Holeton, 1971; McDonald & McMahon, 1977). In a recent study (El Fiky 
et al. , 1987) the presence of a layer of oxidative muscle fibres just 
below the body epithelium has been implicated in larval respiration. El 
Fiky et al (1987) suggested that the "red layer" {Talesara & Urfi, 1987) 
which is the precursor muscle tissue to the adult red fibres has an 
important respiratory role to play during the early development of 
teleost larvae. The extensive primitive fin fold in many larvae has also 
been inferred as a possible site of respiratory gas exchange, the 
epithelium of the fin fold often being thinner than that of the body in 
the early stages of development (Lasker, 1962). 
The skin epithelium of many larval fish is only two cells thick (Jones et 
al., 1966; Roberts et al., 1973) and is often thinner than that of larval 
amphibians which are known to respire cutaneously ( Romborough, 
1988b) . Adaptations which increase the surface area of the larvae are 
likely to be most important to those species which do not have a 
respiratory pigment immediately after hatching. DeSilva ( 1974) 
illustrated the relative importance of fin area in larval Clupea harengus 
during development by expressing it as a proportion of total surface 
area. These species develop respiratory pigments late in development 
and so a high surface to volume ratio would be advantageous for simple 
diffusion to occur. Few studies have studied the fin and body areas 
quantitatively during early development and so changes which occur 
during this period have not yet been clearly described. 
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Difficulties occur when dealing with fish which undergo changes in their 
basic shape such as P. platessa and §...:.. maximus which initially have a 
round fish type body shape. However 1 there is some evidence to 
suggest that most fish undergo a basic change in body shape during 
this early period of development (Oikawa & Itazawa 1 1985) and so any 
analytical technique must be able to account for this. Surface areas 
have been measured for Cyprinus carpio (Oikawa & Itazawa 1 1985) 1 ~ 
harengus and !:.:_ platessa (DeSilva, 1974) during development and the 
rates of development expressed as a mass exponent value. Oikawa & 
Itazawa ( 1985) found a change in the allometric relationship for both fin 
and body area in C. carpio. DeSilva ( 1974) 1 however 1 identified no 
change in the allometric relationship for either C. harengus or P. 
platessa in body or fin area. 
As development progresses and the larvae grows in size the body 
surface area to volume ratio becomes smaller 1 the skin epithelium 
thickens and scales develop 1 all these developments reducing the rate of 
oxygen diffusion across the body wall. The rate at which the oxygen 
demand per unit weight decreases is slower than that of the surface to 
volume ratio and so without the development of the gills 1 growth would 
be restricted by oxygen availability (Hughes 1 1984a). As has been said 
most species of teleost have little if any gill filaments or lamellae on 
hatching (Tanaka 1 1973). In Clupea harengus and Pleuronectes platessa 
on hatching the gill area contributes less than 0.5% of the total surface 
area (DeSilva 1 1974). Oikawa and Itazawa (1985) found in Cyprinus 
carpio larvae that the gills made up less than 0. 2% on hatching. 
The adult teleost gill structure is made up of four pairs of gill arches 
situated on either side of the head 1 these being contained in the 
pharyngeal chamber . Each gill arch has two rows of filaments which run 
longitudinally down the arch. These rows are termed the anterior and 
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posterior hemibranchs and together they are termed the holobranch. 
The filaments of each hemibranch are joined by the interbranchial 
septae, however in most teleosts this is usually very reduced, and the 
filaments generally alternate with each other along the arch (Hughes, 
1984b). On each filament are a number of lamellae, these plate like 
structures alternate on either side of the filament and normally project 
out perpendicular from the main axis of the filament. The shape and 
size of the lamellae varies with their location on the filament and also 
vary between filaments depending on the location of the filament on the 
holobranch. 
In all recent studies of gill area and its development, a rapid increase 
in area has been reported. This has normally been described as a mass 
exponent, and in developing larvae has been shown to exceed unity 
e.g. Cyprinus carpio (Oikawa and Itazawa, 1985), 7.066; Clupea 
harengus, 3.36; Pleuronectes platessa, (DeSilva, 1974) 1.59 in most 
cases (see review by Hughes & Al Kadhomiy, 1988). This contrasts with 
the situation in adult fish were the mass exponent in most species is 
around 0.5- 0.9 (Hughes, 1984a). The period of development when the 
transitional period occurs is of interest as a critical point in respiration 
may occur when the rate is changing. Iwai & Hughes ( 1977) identified a 
period in development of Acanthopagrus schegeli when the respiratory 
area of the gills was reduced significantly. Changes in the allometric 
mass exponent have in general been linked to metamorphosis in the flat 
fish studied (Hughes & Al Kadhomiy, 1988). The significance of this 
has not yet been identified, as change in the rate have also been 
identified in round fish such as ~ carpio and C. harengus which 
undergo no pronounced metamorphosis. However, as the number of 
species studied increases possible explanations may become more 
evident. 
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The development of the gill surface area has been described by a 
number of authors in various species e.g., C. harengus and ~ 
platessa (DeSilva, 1975), Salvelinus alpinus, (McDonald & McMahon, 
1977) , C. carpio ( Oikawa & Itazawa, 1985) . These studies show a 
general trend in development which includes the rapid increase in 
filament length and numbers with concurrent increase in lamellae 
numbers. Analysis of these increases have shown a bimodal allometry 
for individual lamellae area; filament length and filament numbers in the 
majority of these studies. 
Direct estimation of body surface area of the early larvae is often very 
difficult because of the size and delicate nature of the larvae. However, 
Romborough & Moroz (1990) have directly measured the trunk surface 
area of Oncorhynchus tshawytsha but the area of the head was 
measured from a light projection and then doubled. Analysis of body 
surface area in larval fish has been estimated generally by the use of a 
mathematical model, which simulates the shape of the body. The model 
selected must accurately represent the body shape of the larvae, and 
some form of estimate of this accuracy is necessary for any surface area 
study. 
In previous studies two models have been used, DeSilva, (1974) used a 
simple cylindrical model to estimate the body surface area for C. 
harengus and ~ platessa, five measurements were taken of body width 
as well as the total length. The width measurements were averaged and 
this average used in the estimate. For the later larval stages of E· 
platessa a direct measurement was taken as the larvae metamorphosed. 
In the study by Oikawa & Itazawa ( 1985) a more complex model was 
used using two parabolas to represent the body shape of ~ carpio, 
this model was used for fish up to lOOg, for fish over 100g direct 
measurements were taken to estimate surface area. 
92 
Fin area has generally been estimated directly either by the use of a 
camera lucida ( DeSilva, 197 4), planimeter ( Oikawa & Itazawa, 1985) or 
for large fish by tracing directly. The tracings area can then be 
analysed either by the use of a digitizer or by cutting out the tracing 
and weighing it, the density of the paper having been previously 
calculated. Both these methods have innate errors and the relative 
accuracy of the method must be estimated during the study. These 
basic errors are also often increased when using small sample sizes 
(Hughes, 1984b) so care must always be taken. 
There have been no studies as yet on the surface area of the yolk sac 
in developing larvae, or any assessment of changes in the epithelium 
during development. In many larvae the time of endogenous feeding is 
very short in relation to their general development. However, in some 
species such as salmonids the yolk sac period is relatively long and its 
importance as a respiratory surface has been suggested by a number of 
authors Byczkowska-Smyk, 1961; Holeton, 1971; McDonald & McMahon, 
1977). The studies by DeSilva (1974) and Oikawa & Itazawa (1985) both 
started after the period of endogenous feeding was over. The methods 
possible for determination of yolk area in relation to absorption studies 
has been outlined by Herning & Buddington (1988) using mathematical 
formulae to describe the yolk mass. This would, however, give results 
for the whole yolk mass and not the surface area presented to the 
external environment, giving an overestimate of the actual value. 
The methods used to analyse gill area in adult fish are relatively 
standard and the problems involved in measurement have been 
extensively reviewed by Hughes ( 1984b) and so only a brief resume of 
the methods available is given here. In most cases it is assumed the 
area involved in gaseous exchange is the lamellae and so the total 
lamellae area is calculated. Gill area measurement is based on three 
93 
parameters (Gray, 1954; Hughes, 1966, 1984) these being 
a) Average frequency of the lamellae per unit distance, on both sides 
of the filament. 
b) Total gill filament length 
c) Average bilateral surface area of the lamellae 
McDonald & McMahon (1977), however, also measured the area of the 
filaments in larval S. alpinus during .the early stages of gill 
development when lamellae where absent or numbers few. The method 
assumed the early filaments to be flat rectangular plates and applied a 
suitable mathematical formula to calculate the surface area. 
The measurement of gill dimensions has been undertaken on both fixed 
(e.g. Oikawa & Itazawa, 1985) and fresh material ( Gehrke, 1988), the 
fixation process often causes shrinkage of the material. The fixation 
regime used has also varied between studies and given differing levels 
of shrinkage. If the fixation regime is kept constant throughout the 
study variations can still occur due to different levels of ossification of 
the tissue with development ( Blaxter, 1988). In any study undertaken 
using fixed material therefore, the level of shrinkage must be quantified 
for all stages of development studied. The problems involved in using 
fresh material include excessive mucus production this making the 
determination of lamellae area difficult, the material is also easily 
damaged while removing the gills especially of larval fish. 
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Measurement of the gills generally involves the determination of the four 
gill arches from one side of the head and the result doubled, the 
assumption being that both sides are equal ( Hughes, 1984b) . In flat 
fish however, this has been shown not to be the case (Al Kadhomiy, 
1985) and so any study on this type of fish must measure gill arches on 
both sides of the gill. Measurement of the gill filament length is usually 
done using an eyepiece micrometer. 
Gill area analysis is generally very laborious work and the time involved 
in measuring the gill area of one fish is often large. To reduce the 
work involved sampling techniques have often been used to estimate gill 
area in adult fish, especially in studies determining the scaling factors 
for a range of sizes where a number of fish have to be sampled. Gill 
structure is, however, far from homogeneous in its nature (Morgan, 
1971; Hughes, 1966,1984b) and any sampling method must take this into 
account. The use of sampling techniques have been used on both 
lamellae and filaments as well as the gill arch. One arch is generally 
selected as representative of the gill structure as a whole. The second 
gill arch has been used in Q..:_ mykiss (Morgan, 1971) though either the 
second or third have been identified as generally representative of the 
overall gill structure for pelagic species ( Hughes, 1984b). The use of 
this sampling system, however, is generally inadvisable for larval 
studies where the gill structure and development is highly variable 
within a relatively small size range. It is therefore advantageous to 
measure all the gill arches. The gill structure in these larvae is 
relatively small so the time involved in measurement is correspondingly 
small. The use of secondary lamellae and filament sampling from all the 
gill arches in juvenile fish is less likely to produce large error as long 
as the sampling is sufficiently large to reflect the range of variation of 
the gill structure. 
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Secondary lamellae surface area has been determined by a number of 
different methods. For large specimens the secondary lamellae can be 
dissected out directly, the area traced using a camera lucida and the 
area determined. Price (1931) assumed the area to be equivalent to an 
isosceles triangle and lamellae height and width areas used to determine 
the area, this method allows the lamellae area of larval and juvenile fish 
to be determined easily from simple dimension measurements of the 
secondary lamellae on the filament. 
The direct tracing method has be used to determine a predictive 
relationship between a model area, where simple height and width 
measurements are required, and the true area ( Gehrke, 1987) for an 
initial small sample range. This can then be used to predict the true 
area using the model area in a simple linear regression. For this method 
to work a linear relationship between the model and the true area must 
be present. The use of ink injection has been used by some authors 
(e.g. Byczkowska-Smyk, 1957) to enable clear visualisation of the 
lamellae during measurement. Care must be taken in this method, 
however, not to deform the lamellae by excessive pressure from the 
injection process. 
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MATERIALS AND METHODS 
Length Weight Relationship 
Oncorhynchus mykiss and Scophthalrnus maximus 
The total length of both species of fish was measured using a set of 
Vernier calipers 1 the fish first being laid flat on a piece of filter 
paper. The wet weight of the fish was determined by first blotting of 
excess water then weighing on a Ohaus balance 1 the weight being 
determined to 0. Olrng. 
Fin Area 
Oncorhynchus mykiss 
Fin area was determined using a Kyowa binocular microscope with a 
camera lucida attachment. In an initial study the fish were anaesthetised 
using MS222. The fin areas were directly traced onto A4 paper and the 
magnification measured using a slide graticule. The area of the pectoral 
and pelvic fins could not be determined easily while still attached to the 
fish due to problems of orientation 1 so these were dissected and 
measured separately. 
Once the fin area analysis had been completed the fish were killed with 
a sharp blow to the head 1 and weighed 1 the yolk material was then 
removed using a Pasteur pipette 1 the weight re-determined and the total 
length measured using a pair of calipers. The fish were then fixed in 
10% formal Cortland saline for 24hrs . and then the fin area measured 
and the fish re weighed and measured. Analysis of the traced areas was 
performed using a Calcomp digitizer in conjunction with a Westwood 
microcomputer. Each area was measured three times and the mean used. 
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This enabled any inaccuracy due to the digitizer analysis to be 
determined. Once the traced areas had been determined they were 
converted into actual areas using the magnification factor. 
Using the data from the initial study an analysis of the level of 
shrinkage caused by fixation was determined for the size range used in 
the study. This data could then be used to correct for shrinkage in 
further samples that had been fixed prior to measurement. 
Scophthalmus maximus 
The same procedure was used for S. maximus as was used for 0. 
my kiss and the levels of shrinkage determined for the size range used. 
The light source used for the microscope had to be changed as a normal 
light box did not give enough contrast to determine fin outlines so a 
light condenser and iris were mounted below the slide stage, the 
transmitted light through this apparatus gave better definition of the 
fin fold. All samples were blotted with a filter paper prior to fixation to 
reduce any change in fixative osmolarity. 
Body area 
Oncorhynchus mykiss 
Body areas were estimated by a mathematical model, using body width 
and height measurements. An initial study was conducted to determine 
the accuracy of a variety of models which were available. No model is 
likely to predict with 100% accuracy the body shape of the fish, 
however, models can predict the area to within 95% of the actual value 
( Oikawa & Itazawa, 1985) • The circumference of cross sections of body 
trunk at 6 points along the length of the fish were determined using a 
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Calcomp digitizer. A representative range of fish sizes were measured 
in this way. This process was very time consuming and so to use it 
throughout the study was deemed inappropriate due to the prohibitive 
amount of time involved in measuring all the samples. A number of 
models were then used to estimate the value including the mathematical 
formulae used by DeSilva (1974) and Oikawa & Itazawa (1985) The error 
was then calculated for the different models and compared. The model 
eventually used gave an error of less than 10% for all size ranges and 
at the fixed locations along the body trunk. The model involved 
measuring the body heights and widths at the fixed points along the 
body length, these measurements were then averaged and used as the 
diameter measurement of a theoretical cylinder and the surface area of 
the cylinder measured, predicting the surface area of the body. 
Fish were anaesthetised using MS222 and the body outline traced using 
a Kyowa binocular microscope in conjunction with a camera lucida. Two 
outlines were traced for each fish these being a dorsal and lateral view. 
The magnification for each measurement was determined using a slide 
graticule. Once the analysis was complete the fish were weighed, the 
total length and body length determined. For the yolk sac larvae the 
yolk-less weight was also determined. The fish were then killed with a 
blow to the head and fixed using 10% formal Cortland saline for 24 
hours and then the body area retraced. Body width and height 
measurements were taken at five locations along the body length from 
the tracings and these used to calculate body surface area. The body 
areas for both fixed and fresh material was determined to establish any 
fixation shrinkage. 
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Scophthalmus maximus 
The same method was used in the initial larval stages of ~ maximus as 
was used for Q..=.. my kiss. However, after the larvae were 8mm in length 
the body area was simply traced and the area determined using a 
digitizer. This was possible due to the overall flattening of the body 
shape in ~ maxim us at this stage. 
Yolk Sac Surface Area. 
Oncorhynchus my kiss. 
Two methods were used to determine the surface area of the yolk-sac. 
This was thought necessary as there has been little previous work on 
yolk-sac area and so few guidelines are available in estimating this 
surface area. The first method involved coating the yolk-sac in a liquid 
resin which hardened and the resultant resin caste was used to 
determine the surface area. The second method involved fixing the 
whole animal and the yolk-sac epithelium dissected off and the surface 
area determined. 
Method 1 
The larvae was killed with a blow to the head and the weight and Total 
length determined. The animal was then transferred to a petri-dish 
containing cooled Cortland saline. The animal was then removed and 
blotted dry with a filter paper and a the yolk sac was coated with clear 
nail varnish resin. This was allowed to set and then peeled off. The 
resultant hardened resin caste was then cut to allow it to be flattened. 
The caste was then placed on a glass slide and the area traced under a 
Kyowa binocular microscope with a camera lucida attachment. The traced 
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area was then measured using a Calcomp digitizer. The magnification 
was determined using a slide graticule for each trace. 
Method 2 
As for method one the larvae was killed with a blow to the head, the 
total length and weight was then determined . The length and width of 
the yolk-sac was then measured under a Kyowa binocular microscope 
using callipers. The animal was then transferred to a 20ml soda glass 
vial containing 10% formal Cortland saline, the animal was fixed for 24 
hours at 7oc. The fixation process hardens the yolk material within the 
yolk-sac forming a hard pellet. The fixed larvae was then washed with 
cooled Cortland saline to remove the fixative and transferred to a petri 
dish containing cooled saline. The yolk-sac dimensions were then 
measured under the binocular microscope using calipers, allowing an 
estimate of fixation shrinkage to be made. 
The yolk-sac epithelium and most of the yolk syncytium was then 
carefully dissected off the yolk pellet under the binocular microscope. 
If care was taken the epithelium and syncytium could be removed as one 
piece. This was then transferred to a glass slide and cut to allow the 
material to be flattened without squashing it. A large coverslip was 
then placed over the material and the area traced using the camera 
lucida. For the just hatched larvae the area could have been determined 
directly using the digitizer. However, the area was small and a large 
error would be introduced by direct measurement, due to the errors 
innate in using the digitizer which are largest when measuring small 
areas. 
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S. maximus 
The yolk-sac area was not determined for S. maximus as the yolk-sac 
stage of development is very short (3 days at 19°C) and no 
vascularisation is present 1 it was therefore decided not to measure the 
surface area. Problems of measurement would also have to be overcome 
as the yolk-sac is very small and delicate and would be difficult to 
measure directly. 
Gill Area 
Oncorhynchus mykiss 
Gill area was determined using a similar method to the techniques used 
by Morgan (1971) and Hughes & Morgan (1973) these having been 
extensively reviewed by Hughes ( 1984b) . As has been discussed earlier 
the main parameters used to measure gill area are; lamellae numbers and 
the bilateral surface area of the lamellae. 
In an initial study the fish was killed by a sharp blow to the head and 
placed in cooled Cortland saline. The Total length was then measured 
under the binocular microscope using calipers 1 the fish was then blotted 
dry and the weight determined 1 the yolk was then removed and then 
the fish re-weighed. The fish was then transferred back to the saline 
and the four gill arches were dissected out of left side of the head. 
This was accomplished using hypodermic needles under a Kyowa 
binocular microscope . These were then separated 1 washed with Cortland 
saline and then placed on a glass slide with a drop of saline. The slide 
was then examined using a Zeiss compound microscope with a camera 
lucida. The size range of the larvae used in the study included just 
hatched alevins to the post finger ling juveniles. 
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Secondary Lamellae Numbers 
The number of secondary lamellae present on each filament was recorded 
as the filament was being traced. The "weighting" method described by 
Hughes ( 1984b) was not used to calculate secondary lamellae frequency 
or area. This was because the gills of the fish used were generally 
small and all the filaments were sampled, thus giving a much reduced 
sampling error when dealing with the gill structure which was highly 
variable within a small size range of the fish used. 
Secondary Lamellae Area 
Every third filament was removed from the gill arch using dissecting 
needles. The outline of the lamellae was traced using a Zeiss compound 
microscope with camera lucida 
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RESULTS 
Length Weight Relationship 
Oncorhynchus mykiss 
The length weight analysis conducted on ~ mykiss covered a range in 
size of fish from just hatched alevins (approximately 15 mg) to fish 
approaching lOg. A large amount of data was available from other 
analyses where weight and length had been measured. To provide a 
clear relationship a number of fish were sampled from each size range 
to provide a continuous sample profile over the size range of fish used. 
The lengths and weights of 319 individuals was measured and the values 
tabulated (Appendix B). The results are graphically presented in 
Figure 28. A bilogarithmic plot of these results is presented in Figure 
29 with a statistically generated line of best fit for the relationship. 
Covariance analysis of the data gives a highly significant (p=O.OOl) fit 
for the regression analysis of the data. The results of this analysis is 
shown in Table 9. 
All statistical analysis of data was carried out using the computer 
software CHART. The line of best fit being generated by a power least 
squares regression for the data. 
Table 9 Analysis and statistical data for the length weight relationship 
of ~ my kiss in the size range used in the study. 
SIZE a±St. b±St. 1 Correlation Corrected Standard 
Error Error Coefficient r2 Error of 
Plot 
Hatch 0.00133 3.516 0.902 I o.995 0.1301 
to ±0.05 ±0.014 
9 . 753g I 
From the bilogarithmic plot of the data a linear relationship is clearly 
present, this is confirmed by the statistical analysis of the data with an 
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r2 value of 0. 995 suggesting a highly linear relationship and the 
analysis of covariance which also suggests a highly significant fit for 
the regression calculated. 
Scophthalmus maximus 
The lengths and wet weights of fish within the range of sizes of the 
study were collated. The data was then reduced to produce a much 
clearer relationship. This data was then tabulated and is presented in 
Appendix B. The results are also presented in graphical form in Figure 
30. Because of the large size range of animals a bilogarithmic plot 
shows the relationship far more clearly, this is shown in Figure 31. 
Covariance analysis of the data suggests a significant difference 
(F=76.166 with 1, 172 d.f. P=0.001) in the length weight relationship 
with increase in size, between the size ranges. Results of these 
statistical analyses for the size ranges are tabulated in Table 10. 
Table 10 Analysis and statistical data for the length weight relationship 
of Scophthalmus maximus in the size range used in the study. 
SIZE a±St. b±St. I Correlation I Corrected I Standard 
Error Error Coefficient r2 Error of 
Plot 
Hatch to 8.5 12.588± 13.893± 0.9391 J 0.986 
_L 223 ··-mm Total 0.159 0.09 Length 
-
> 8.5 mm 31.161 2.77 
_L i i Total Length ±0.07 ±0.02 
Analysis of covariance of the two regressions suggests a significant 
difference between them ( p=O. 001) . From the regression analysis it is 
apparent that larval turbot gain weight faster per unit of length than 
do the post-metamorphosis individuals. 
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Fin Areas 
0. mykiss 
Total fin areas were measured for a range of sizes of fish from just 
hatched to approximately lOg. To establish the changes which occur 
during development both Total Length and Wet Weight were measured. 
The change in fin area with Wet Weight and Total Length were both 
determined 1 the results of this analysis are tabulated in Appendix B. 
The change in fin area with length is shown in Figure 32 1 the 
bilogarithmic plot of this data is shown in Figure 33 1 this plot also 
shows the line of best fit predicted by power regression analysis using 
method of least squares for the two phases of development. Covariance 
analysis of the data suggests a significant difference (P=O.OOl for both 
Total Length and Wet Weight) in the size specific rate of fin 
development. The bilogarithmic plot shows that the relationship has a 
biphasic allometry. The relationship clearly changes after approximately 
21mm in length. 
Analysis of the change in fin area with wet weight is tabulated in 
Appendix B. The results are shown graphically in Figure 34 and a 
bilogarithmic plot is shown in Figure 35 this plot also shows the lines of 
best fit predicted by power regression analysis using method of least 
squares. As for the relationship with Total Length there is a biphasic 
allometry. The results from the statistical analysis for both the Total 
Length and the wet weight plots is shown in Table 11 overleaf. 
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Table 11 Analysis and statistical data for the plots of total fin area 
against both total length and weight for 0. my kiss 
SIZE a± St. b±St. Correlation Corrected Standard J Error Error Coefficient r2 Error of 
I I Plot 
Hatch to 21 I 9.04 I 0.4669 094 ; o.882 0.0193 
mm Total ±0.09 ±0.031 
Length 
1 0.99~ l 0.994 >21 mm Total 11.192 11.152 0.0342 
Length ±0.042 ±0.01 
Hatch to --1 21.166 -0.142 0.8615 0.805 0.0248 
68.5mg wet ±0.04 ±0.01 
I 0.926 weight ->68.5mg wet 10.947 0.319 0.9874 0.0519 
weight ±0.03 ±0.005 
Analysis of covariance shows a significant difference (p=O. 001) between 
the two regressions for the length relationship. This also applies to the 
weight relationship with the same level of significance. From the 
statistical analysis it is apparent that the data from the Total Length 
plots fits the relationship better than that calculated for wet weight, 
this is true for both phases of the relationship. 
Scophthalmus maximus 
Fin areas were measured for a number of individuals over a wide size 
range which encompassed the metamorphosis of the larvae. Both Total 
Length and wet weight were measured for each larvae before the fin 
area was determined. The results of this analysis are tabulated in 
Appendix B. Graphical presentation of the relationship between total fin 
area and Total Length is shown as a bilogarithmic plot in Figure 36 also 
shown in this plot is the line of best fit predicted by power regression 
analysis using method of least squares for the data. This analysis is 
repeated for the relationship between wet weight and total fin area in 
Figure 37 Covariance analysis of both sets of data show a significant 
difference ( F=53. 9 for length and F= 57.19 for weight with 1, 147 d. f. 
gives P=O. 001) in the size related rate of development of the body. 
Both plots show a significant biphasic allometric relationship indicating a 
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change in the rate with development. The analysis of these plots and 
the statistical data is shown in Table 12 below. 
Table 12 Analysis and statistical data for the plots of total fin area 
against both total length and weight for ~ maximus 
Error Error Coefficient r2 
SIZE I a±St. b±St. 1 Correlation I Corrected 
Hatch to 6.1 0.435 1.6 j 0 .88 0_.80-11 
Length 
mm Total 
1 
±0. 12 ±0. 08 
) 6--:-1 m_m_ T_o_t ---,al-t-o=-.-1486 I 2. 305 0. 9717 0. 993 
Length ±0. 04 ±0. 02 i 
-Hatch to 0 . 1447 I 0. 49 93 0. 835 0. 781 
3.3mg wet ±0.3 ±0.04 
weight 
>3.3mg wet 
weight 
0.0169 
±0.09 
0. 7727 
±0.008 
J --0.99 1 0.9865 
I 
Standard 
Error of 
Plot 
0.171 
0.0854 
0.1795 
I 
0.1213 
Analysis of covariance shows a highly significant difference (p=0.001) 
between the two regressions for both the length and weight 
relationships. From the regression analysis and also from the graphical 
data an increase in the rate of development in fin area is apparent after 
metamorphosis of the larvae. This change in rate is apparent when the 
fin area is plotted against either Total Length or Wet Weight, though 
the change is more apparent when the data is plotted against Total 
Length. 
Body Area 
0. mykiss 
Body surface areas were determined for the same fish that had 
previously had their fin areas determined. The results of this analysis 
are tabulated in Appendix B. The results are shown in relation to both 
Wet Weight and Total Length. Covariance analysis of the data suggests 
a highly significant difference (p=0.005) in the size related 
relationships. A graphical presentation of body surface area against 
Total Length is shown in Figure 38, also displayed on this graph are 
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the lines of best fit predicted by power regression analysis using 
method of least squares for the data. The body surface area in relation 
to Wet Weight of the fish is represented in Figure 39 with the lines of 
best fit predicted by power regression analysis using method of least 
squares. Covariance analysis shows a significant difference in the size 
specific rate of development of body area. Both plots are bilogarithrnic 
to allow a clearer representation of the data and also to illustrate the 
linearity of the relationship. The results of the statistical analysis for 
both plots is shown in Table 13 below. 
Table 13 Analysis and statistical data for the plots of body surface area 
against both total length and weight for ~ mykiss 
SIZE a±St. I b±St. I Correlation Corrected Standard 
Error I Error Coefficient r2 Error of 
Plot 
Hatch to 21.3 0.0931 12.343 0.991 I o.983 0.03444 
mm Total ±0.16 ±0.06 
]=el]_gth t2.136 I 0.982 ~ 0.997 - -, ->21.3 mm 0.1958 0.0456 
Total Length ±0.05 ±0~15 I 
Hatch to 6.27 . 0. 7326 0.949 r-94~ 0.0639 68.5mg wet I ±0.11 L±0.~3 
weight 
-
j 
>68.5mg wet Ill. 959 0.5931 i 0. 975 0.991 0.0815 
weight ±0.05 ±.007 I 
Analysis of covariance shows a significant difference ( p=O. 005) between 
the two regressions in both the length and weight relationships. From 
the regression analysis there is an apparent small change in the rate of 
body surface area development for ~ my kiss. This change during 
development was apparent when the data was plotted against either wet 
weight or Total Length. 
S. maxim us 
To allow the continuity of the analysis the same fish were used to 
determine the body area as had been used in the fin area analysis. The 
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collated data is presented in tabulated form in Appendix B. Covariance 
analysis of the data shows a highly significant difference (p=0.001) in 
the size related relationship for body area. Graphical presentation of 
the data is shown for both Total Length and weight in Figures 40 and 
41 respectively. Both plots are bilogarithrnic to allow a clearer 
presentation of the data and the statistical analysis. Both plots also 
show the lines of best fit predicted by power regression analysis using 
method of least squares for the data. A summary of the statistical 
analysis and lines of best fit can be found on Table 14 below. 
Table 14 Analysis and statistical data for the plots of body surface area 
against both total length and weight for ~ maximus 
SIZE a±St. b±St. ' Correlation I Corrected Standard 
Error I Error Coefficient r2 Error of 
I Plot 
Hatch to 6.12 0.0584 3.04 0.97 0.96 0.127 
mm Total ±0.16 ±0 .1 
Lengt_h __ 
- ---
>5 mm 0.255 2.26 0.978 0.99 0.081 
Total Length ±0.04 ±0.02 
Hatch to 0.0089 0.925 0.944 0.916 0.191 
3.3mg wet ±0 .34 ±0.04 
weight 
I o . 0304 1 o. 7 56 I o.986 >3. 3mg 0.988 0.119 
wet weight ±0.09 ±0.008 
Analysis of covariance shows a significant difference between the two 
regressions in both the length and weight dependant relationships for 
body area. The rate of increase in body surface area decreasing 
consistently in each phase. 
Yolk sac Surface Area 
Q.:_ mykiss 
The comparison of the two techniques in determining the surface area of 
the yolk sac initially provided two sets of results. No significant 
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difference existed between the methods when applied to one batch of 
alevins (See Appendix B for the comparison) However, method two was 
found to be the easiest to use in the laboratory, and was less time 
consuming. It is this technique which was applied to provide the best 
estimate of the yolk-sac surface area. No significant shrinkage of the 
yolk-sac syncytium occurred during the fixation process, however the 
yolk protein did shrink probably due to partial dehydration and the 
coagulation of the yolk protein. This process further aided the removal 
of the whole external yolk-sac epithelium to be measured. 
Covariance analysis showed a significant difference ( p=O. 001) in the 
rate of change in the size related yolk sac surface area. The results of 
this analysis are tabulated in tabular form in Appendix B. A graphical 
presentation of the yolk-sac areas in relation to Total Length of the 
alevin is shown in Figure 42. A bilogarithmic plot of this data is shown 
in Figure 43 and lines of best fit predicted by power regression 
analysis using method of least squares are also shown to illustrate the 
trends over the period of growth studied. Figure 44 shows the same 
data when plotted against the wet weight of the alevin (Note; the 
weight shown is the weight of the body of the alevin minus the weight 
of the yolk itself. ) . This data is also plotted on bilogarithmic axis and 
is shown in Figure 45. 
A summary of the analysis on the data for yolk-sac areas is shown in 
Table 15. 
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Table 15 Analysis and statistical data for the plots of yolk-sac area 
against both total length and weight for Q.:_ mykiss 
SIZE a±St. b±St. Correlation Corrected I Standard 
Error 1 Error Coefficient r2 Error of 
Plot 
Hatch to 1706.4 -0.1.2 -0.91 0.806 0.0651 
21.3mm ±0.27 ±0.09 
Total Length ~ 24 1 ~ 4 J >21.3mm 1. 7E , -16.63 -0.95 I o.77 0.438 
Total Length 
. ±~§ . ±1. 75 -
Hatch to 149.58 -0.334 -0.865 0.775 0.07 
68.5mg ±0.1 ±0.027 I 
wet weight 
109 i 0.5776 >68.5mg -4.45 -0.916 0.607 
wet weight ±3.19 ±0.69 
Analysis of covariance shows a significant difference (p=0 . 001) between 
the two regressions in both the length and weight relationships. From 
the bilogarithmic plots and the statistical analysis the data does not 
conform well to an allometric relationship especially the second phase of 
the plots as the yolk sac is used up by the fish. The bilogarithmic 
plots shows clearly a distinct change in the rate of shrinkage of the 
yolk-sac as the alevin develops. This can clearly be seen on both plots 
using either Weight or Total Length as an indicator of size. 
Total Body Area 
0. mykiss 
By combining the estimated external surface areas for each individual 
fish, the combined surface external surface area can be calculated. The 
estimated surface areas of the fin; body and yolk-sac areas were added 
together for each individual. The estimate of total external surface area 
are tabulated in Appendix B. Covariance analysis of the data shows a 
highly significant difference (p=0.001) in the rate of change of the total 
surface area of 0. my kiss with increasing size. Graphical analysis of 
these data is shown in Figure 46 plotted against Total Length and in 
Figure 47 the same data is plotted against Wet Weight. Both plots are 
bilogarithmic and also show the lines of best fit predicted by power 
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regression analysis using method of least squares for the data. A 
summary of this analysis for both plots is shown in Table 16 below. 
Table 16 Analysis and statistical data for the plots of total external 
body surface area against both total length and weight for ~ mykiss 
SIZE 1 a±St. I b±St. ' Correlation 1 Corrected I Standard I Error 1 Error Coefficient r2 Error of 
I Plot 
Hatch to , 6.129 1.142 0.974 0.9599 0.0362 
23.54 mm ±0.11 ±0.04 
Total Length i 0.4312 I ~-!---·-->23.54 mm I 1. 968 I 0.987 I 0. 998 I o.o325 
Tota!_ Length I ±0.05 ±0.01 
Hatch to l 5"4-:-161 
I 
0.3183 0.9527 I 0.944 0.0428 
105mg wet 1 ±0.~5 1 ±0.01 ~eight _ 
-
I ~ 0.0555 >105mg wet 20.789 0.5346 0.978 0.993 
weight ±0.04 ±0.006 
' 
Analysis of covariance shows a highly significant difference ( p=O. 001) 
between the two regressions, this applies to both length and weight 
relationships. From the regression analysis the overall rate of increase 
in external body surface area changes during development. There is a 
general increase in the rate from approximately 24 mm in length or 100 
mg in weight. 
By plotting the proportions the yolk-sac and fin areas contribute to 
this total, changes in the relative importance of these external surfaces 
may be apparent. This was done and the results are presented in 
tabular form in Appendix B. Figure 48 shows the results of this 
analysis in relation to Total Length, the remaining percentage not 
plotted is the body surface area. 
S. maximus 
As for ~ my kiss, the total body surface area can be calculated by 
combining the estimates of fin and body area for each individual. S. 
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maximus has a very short period of endogenous feeding and so the 
yolk-sac area has not been calculated. Larvae still carrying yolk sacs 
have been excluded from the analysis. The combined data is presented 
in tabular form in Appendix B. Covariance analysis of the data shows 
no significant difference (p=0.05) in the rate of change for total surface 
area with increasing size over the range studied. The results are also 
shown in graphical form in Figure 49 plotted against Total Length and 
in Figure 50 plotted against Wet Weight. Both plots are bilogarithmic 
and lines of best fit for the data have been included. A summary of the 
statistical analysis for both plots is presented in Table 17 below. 
Table 17 Analysis and statistical data for the plots of total external 
surface area against both total length and weight for ~ maximus 
SIZE a±St. b±St . Correlation Corrected Standard 
Error J Error Coefficient I r2 Error of 
Plot 
Length 1 o.3198 2.361 0.967 1 o.997 0.0838 
Analysis ±0.02 l ±O_J)l_ 
i 0 . 0561 
~ 
- -Weight 0.747 0.992 0.993 0.1173 
Analysis ±0.05 ±0 . 005 
From the analysis of the combined total external surface area 
demonstrates a simple allometric relationship. Both plots are linear 1 the 
r2 values and analysis of covariance confirming this. 
The significance of the individual external surface areas can be shown 
by plotting the relative proportion of the surface area in relation to the 
total. To show the importance of the fin area during development 1 this 
has been done and is presented in tabular form in Appendix B. 
Covariance analysis of this data shows a highly significant difference 
( p =O. 001) in the r a te of change in fin area proportion with size 
increase. Figure 51 shows this data plotted against Total Length with 
the X axis in Log form because of the large change in size over the 
period of measurement. Figure 52 shows the same data with normal axis. 
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Figure 53 shows the data plotted against Wet Weight with the X axis 
logged to allow a clearer presentation of the data. 
Gill Area 
0. mykiss 
The number of secondary lamellae present on each gill filament was 
counted. This was done for each of the four gill arches on the left side 
of the head of the fish. Once a total had been calculated, this figure 
was doubled to give an estimate of total numbers for each fish. The 
data is presented in tabular form in Appendix B. Covariance analysis of 
the data suggests a highly significant difference ( p=O. 001) in the rate 
of secondary lamellae recruitment over the size range studied. A 
graphical presentation of this data plotted against Total Length is 
shown in Figure 54, the same data is p lotted against Wet Weight in 
Figure 55. Both plots are bilogarithmic and lines of best fit predicted 
by power regression analysis using method of least squares for the data 
are also shown. A summary of the statistical analysis is shown in Table 
18. 
Table 18 Analysis and statistical data for the plots of total secondary 
lamellae numbers for individual fish against both total length and weight 
for Q:_ mykiss 
SIZE a±St. b±St. Correlation Corrected 1 Standard 
1 Error I Error I Coefficient I r2 Error of 
Plot 
Hatch to j 9E-u~ 9.036 0.92 0.953 0 . 195 
20mm Total ±1.19 ±0.42 I 
1 0.804 
Length I I I 
>20 mm 0.0141 I 4.151 0.905 0.1264 
<27mm Total ±1.67 1 ±0.52 I I 
Length 
>27mm Total 55.407 I 1. 657 0.984 0.984 0.0855 
Length ±0.12 ±0.03 
Hatch to 0.0484 3.028 0.907 0.839 0 . 362 
49mg wet ±0 . 95 ±0.27 
weight 
I >49mg wet 
~ght __ _ 
0.976 726.64 0.542 0.975 
±0.07 ±0.01 
---------
115 
Analysis of covariance shows a significant difference between all 
regressions (smallest to middle range .P=0.025; middle to large range 
p=O. 01) in the length relationship. From the regression analysis it is 
apparent that recruitment consistently decreases during development. 
Analysis of covariance for the weight relationship shows a highly 
significant difference (p=0.001) between the two regressions calculated 
for this data . From the regression analysis it is apparent that the rate 
of secondary lamellae number recruitment decreases as development 
progresses as for the length relationship. 
The average bilateral area of secondary lamellae for each fish was 
calculated from the lamellae measured from each fish. An overall average 
was then calculated for the fish and this used to calculate gill area. 
The average bilateral secondary lamellae areas calculated are tabulated 
in Appendix B. The data is presented in Figure 56 plotted against Total 
Length and in Figure 57 plotted against Wet Weight. Covariance analysis 
shows a highly significant difference (p=0.001) in the size related rate 
of secondary lamellae increase. Both plots are bilogarithmic and lines of 
best fit predicted by power regression analysis using method of least 
squares for the data are shown. A summary of this statistical analysis 
is shown in Table 19 below. 
Table 19 Analysis and statistical data for the plots of average bilateral 
secondary lamellae areas for individual fish against both total length 
and weight for 9...:.. my kiss. 
SIZE a±St. b±St. Correlation 1 Corrected Standard 
Error Error Coefficient r2 Error of 
Plot 
Hatch to 4.4E 1 I 5. 62 0.94 0 . 966 0.230 
30. 5mm Total I ±0.46 ±0.15 
Length I 
>30.5mm 1.546 1.12 0.952 0.899 0 . 1358 
Total Length ±24 ±0.06 
Hatch to 0.0119 1. 713 0.975 0.925 0. 207 
200mg wet ±0.32 ±0.09 
weight 
>200mg wet 7.707 0.3827 0.893 0.924 0 . 161 
~weight ±0.1 ±0.014 
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Analysis of covariance shows a highly significant difference ( p=O. 001) 
between the regressions in the length relationship, whilst a significant 
difference also occurs for the weight relationship (p=0.025). From the 
regression analysis it can be seen that there is a change in the rate of 
increase in average bilateral secondary lamellae area. This occurs at 
approximately 31mm in length or 200 mg in weight. 
Using the two parameters determined an estimate of the total gill area 
can be calculated for each individual fish. As a range of sizes have also 
been used then any changes in gill area including its rate of 
development can be estimated. The estimate of the total gill area for 0. 
my kiss was calculated and the results are tabulated in Appendix B. 
Covariance analysis shows a highly significant difference ( p=O. 001) in 
the rate of change of gill area over the size range studied A graphical 
presentation of this data is shown in Figure 58 plotted against Total 
Length, Figure 59 shows the same data plotted against Wet Weight. Both 
plots are bilogarithmic and lines of best fit predicted by power 
regression analysis using method of least squares for the data are 
shown. A summary of the analysis and statistical data is shown in Table 
20 below. 
Table 20 Analysis and statistical data for the plots of total gill areas for 
individual fish against both total length and weight for Q=._ mykiss 
SIZE a±St. I b±St. Correlation 1 Corrected Standard 
Error Error Coefficient J r2 Error of 
I I Plot 
Hatch to 4E-u 11.428 0.875 I 0. 966 0.3899 
27mm Total ±1.03 ±0.34 I 
Length I ~ j 
>27mm I 0. 7724 2 . 801 0.969 0 . 975 0. 182 
Total Length ±0.25 ±0.065 
Hatch to 0.0006 3.38 0.945 I 0.938 I 0.487 
109.5mg wet I ±o.4a ±0.12 
weight I I 
>109.5mg wet 85.68 0.868 0.983 0.983 0.164 
I weight I ±0.125 ±0 . 018 
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Analysis of covariance shows a highly significant difference ( p=O. 001) 
between the regressions in both the length and weight relationships. 
From the regression analysis of total gill area there is an apparent 
biphasic allometric relationship for Q:_ my kiss, the rate of increase in 
gill area decreases from 3.38 to 0.868 for the plot against weight. This 
change occurs at approximately 110 g. From the plot against Total 
Length the change occurs at approximately 27mm in length. 
S. maxim us 
The gill parameters and total gill area was determined for S. maxim us 
as for Q:_ mykiss except that both sets of gill arches were used in the 
determination of gill areas in post metamorphosed fish. 60 fish were 
used and their gill dimensions measured . The number of secondary 
lamellae was determined for each individual fish. This data has been 
tabulated and is presented in Appendix B. Covariance analysis of the 
data shows a highly significant difference ( p=O. 001) in the rate of 
secondary lamellae recruitment with increasing size. A graphical 
presentation of this data is shown in Figure 60 plotted against Total 
Length, and Figure 61 is the same data plotted against Wet Weight. 
Both plots include a line of best fit predicted by power regression 
analysis using method of least squares for the data. A summary of this 
analysis and the statistical analysis is included in Table 21 overleaf. 
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Table 21 Analysis and statistical data for the plots of secondary lamellae 
numbers for individual fish against both total length and weight for S. 
maxim us 
SIZE a±St. b±St. Correlation Corrected Standard 
Error Error Coefficient r2 Error of 
Plot 
Hatch to 6mm I 3e ·19 27.15 0.84 0.867 0.367 
Total Length 1 ±7. 01 ±3.98 
>6mm 0.0321 5.29 0.972 0.936 0.111 
<8.05mm ±0.72 ±0.37 
Total Length 
>8.05mm Total 96.398 11.47 0.994 0.964 I o.1o56 
Leng_!h ±0.12 ±0.05 
Hatch to 6mg 30.473 2.135 0.908 0.8068 0.45 
wet weight ±0.32 ±0.24 
>6mg wet 616.51 1 o.531 0.965 0.968 0.1061 
weight ±0.053 ±0.015 
Analysis of covariance between the regressions for the length 
relationship shows a significant difference ( p=O. 025) the middle and 
largest fish and the smallest and largest ranges. There is no significant 
difference between the smallest and middle range, however the 
regression is included because it was only just outside the level for 
significance, if more measurements in this size range were available it 
would probably confirm the significance of this regression. Including 
the early regression also allows the rate of change in lamellae numbers 
over this to be more closely analysed. Analysis of covariance on the 
weight relationship shows a highly significant difference (p=O. 001) 
between the regressions in this analysis From the regression analysis it 
is apparent that the rate of secondary lamellae recruitment decreases 
with development for §..=.. maximus over the size range studied. 
Determination of average bilateral secondary lamellae area for each fish 
was carried out and the results of this analysis are presented in 
tabular form in Appendix B. Covariance analysis of the data shows a 
highly significant difference (p=0.001) in the rate of mean secondary 
lamellae size increase over the fish size range studied. The data is also 
presented graphically in Figure 62 plotted against Total Length, Figure 
63 shows the same data plotted against Wet Weight. Both plots are 
119 
plotted using bilogarithmic axis and lines of best fit for the data 
predicted by power regression analysis using method of least squares 
for the data are shown. A summary of this analysis and the statistical 
data for the plots is shown in Table 22 below. 
Table 22 Analysis and statistical data for the plots of average bilateral 
secondary lamellae areas for individual fish against both total length 
and weight for ~ maximus 
SIZE a±St. b±St. Correlation Corrected Standard 
I Error Error Coefficient r2 Error of I I Plot 
Hatch to 6mm 1 9e ·ll 14.22 I o.784 0.694 0.314 
'!'otal Length ±7.1 ±4.05 
1 0.0023 ->6mm 4 . 649 0.927 0.807 0.206 
<8.05mm I ±1. o9 ±0.56 
I 0.994 Total Length 1 0.639 >8.05mm 9.177 0.987 0.0277 
Total Length I ±0.032 ±0.012 ' --- I o. 927 Hatch to 2.057 I 1.393 I o.9o3 0.2084 
6.8mg wet ±0.139 ±0.10 
weight 
--
>6.8mg wet 21.537 I o.2196 I o.952 I o.977 0.0365 
weight ±0.019 ±0.005 
Analysis of covariance between the regressions for the length 
relationship shows a significant difference ( p=O. 025) for the middle and 
largest fish and the smallest and largest ranges. There is no significant 
difference between the smallest and middle range 1 however the 
regression is included because it was only just outside the acceptable 
level for significance 1 if more measurements in this size range were 
available it would probably confirm the significance of this regression. 
Including the regression also shows the change in lamellae areas more 
clearly over this initial size range. Analysis of covariance on the weight 
relationship shows a highly significant difference ( p =O. 001) between the 
regres sions . From the regression analysis it is apparent that the rate of 
increase of the average bilateral secondary lamellae surface area 
increases at a slower rate as development progresses . 
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Using the two parameters measured for S. maxim us gills an estimate of 
the total gill area can be estimated. This was done and the results of 
this calculation tabulated in Appendix B . Covariance analysis of the 
data shows a highly significant (p=0.001) change in the rate of gill area 
development over the size range studied. The data is plotted using 
bilogarithrnic axis with lines of best fit predicted by power regression 
analysis using method of least squares in Figure 64. Figure 65 plots the 
same data against Wet Weight. A summary of this analysis is shown in 
Table 23 below. 
Table 23 Analysis and statistical data for the plots of total gill area for 
individual fish against both total length and weight for §....:._ maximus 
SIZE a±St. b±St. Correlation Corrected Standard 
j Error Error Coefficient r2 Error of 
Plot 
Hatch to 6mm J 6-.:H 42.23 0.91 0.981 0.202 
Tota~ Length ±3. 85 ±2.18 
>6mm 6.r7 11.176 0 . 962 0.937 0.2331 
<8.05mm ±1.51 ±0.77 
Total Length i 
>8. 05mm Total 88.206 2.111 0.984 0.981 0.1076 
Length ±0.12 ±0.05 
Hatch to 6.3905 3.473 0.868 0 . 923 0.457 
6.8mg wet 1 ±0.3 ±0.22 
weight 
>6.8mg wet 11380.1 0.741 0.993 0.982 0.1072 
weight ±0.057 ±0.016 
Analysis of covariance between the regressions for the length 
relationship shows a significant difference ( p=O. 025) for the middle and 
largest fish and the smallest and largest ranges. There is no significant 
difference between the smallest and middle 1 however the regression is 
included because it was only just outside the acceptable level for 
significance 1 if more measurements in this size range were available it 
would probably confirm the significance of this regression. Including 
the regression also shows the change in gill area more clearly over this 
initial size range. Analysis of covariance on the weight relationship 
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shows a highly significant difference ( p=O. 001) between the regressions. 
From the analysis the rate of increase in gill surface area is biphasic 
for §..:_ maximus when plotted against the Wet Weight for the fish over 
the size range analysed. The rate of change decreasing from 3. 473 to 
0. 741. 
Total Respiratory Area 
The total respiratory surface available to the fish was estimated by 
combining the total body area for the fish with the predicted gill area 
of the fish using the gill area equations calculated earlier. The 
relationship with respect to growth is shown below in Table 24. 
Analysis of covariance shows a significant difference in the rate of 
change of total respiratory surface area over the size range studied. 
Table 24 Analysis and statistical data for the plots of total respiratory 
surface areas for individual fish against both total length and weight 
for Q.=.. m¥ki5s 
SIZE I a±St. 1 b±St. , Correlation Corrected Standard 
Error Error Coefficient r2 Error of 
Plot 
Hatch to 3.421 I 0.1.35 : 0. 967 I 0.948 0.048 
27mm Total ±0.15 ±0.051 
Length 
1 o.975 >27mm 0.1552 j 2 .328 0.997 0.043 
Tot~ Length _j ±Q_.068 1 ±0.018 
Hatch to j 44.12 0.382 I 0.978 0.961 0.042 
109.5mg wet ±0.05 1 ±0.012 I I f-weight 
-----+- -;- -
>109.5mg wet 
1
15. 09 o. 634 I o. 991 I o.997 0.047 
weight ±0.035 I ±0.005 I 
Analysis of covariance shows a significant difference between the two 
regression in both the weight and length relationships. The relationship 
between size and total respiratory surface shows a biphasic allometry 
with a change in the rate of development at around 100 mg. 
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Scophthalmus maximus 
The total respiratory area was determined in the same way as for Q:_ 
mykiss with the estimated gill area of fish used in the body surface 
area analysis being calculated from the predictive equations calculated 
in the gill area analysis. A summary of these results is found in Table 
25. Covariance analysis found no significant difference in the rate of 
development of the total respiratory area for S. maximus 
Table 25 Analysis and statistical data for the plots of total respiratory 
surface area against both total length and weight for ~ maximus 
SIZE ' a±St. I b±St. 1 Correlation I Corrected i Standard 
Error Error 
1 
Coefficient r2 Error of 
I I I Plot 
Length 0.297 I 2.43 I ~-· 968- I o.995 1 o . 1o1 Analys!_s l ±0.03 I ±0.01 
Weight I 0.049 0. 771 I o . 992 0.995 0.106 
Analysis ±0.044 ±0.004 
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DISCUSSION 
Weight Length Relationship 
Oncorhynchus mykiss 
Covariance analysis of the weight length relationship for ~ mykiss 
shows no significant change in the allometric scaling constant over the 
size range studied, this suggests a consistent relationship for these two 
determinants over the period studied. The relationship is similar to that 
found by Weatherley & Gill (1983) for ~ mykiss. The significance of 
changing weight length relationships generally is linked to a wide 
variety of factors including diet, age and environment, any changes 
which therefore occur must be carefully analysed. The similarity with 
the relationship found by Weatherley & Gill (1983) would suggest that 
the fish used in this study were growing at a normal rate expected for 
cultivated fish. 
Body weight is normally thought to be related to body length by a 
power relationship of :-
Body Weight proportional to Body Length3 
The results for ~ mykiss in this study appear to fit with this general 
relationship. Le Cren ( 1951) showed that this weight relationship can be 
expressed as W= aLb, with the exponent value varying between 2. 5 and 
4 for different populations and species of fish. If the fish maintains a 
constant body form then this relationship should remain constant. 
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The data fits very well to the classic power curve with a regression 
equation for the data of W= 0.00133L3.516. This compares with a 
regression equation of W= 0. 0012L3 · 524 estimated from GM regression. It 
is apparent from comparison of these two regressions that there is no 
significant difference and the GM regression estimate is well within the 
confidence limits of the power least squares estimate. 
Scophthalmus maximus 
The results of this analysis show a change in the allometric relationship 
for body weight increase in relation to the Total Length. The rate 
changed from 3. 89 to 2. 77 over the size range studied with the change 
occurring at approximately 8. 5 mm in length. This represents the start 
of the metamorphosis of the larvae with the body form flattening and 
the body height increasing. The exponent value of 3. 893 for the initial 
range of sizes is significantly higher than the theoretical value of 3 for 
this relationship in fish. Changes in the weight length relationship 
during development have been noted by other workers (e.g. Jones 1 
1972; Paulson 1 et al. 1 1985; Oikawa & Itazawa 1 1985; Oikawa et al. 1 
1991) and the exponent value for this larval fish has generally been 
significantly higher than the range proposed by Le Cren ( 1951). Jones 
(1972) noted a change in the weight length relationship of .§....=._ maximus 
during early development 1 the change being of similar magnitude to that 
found in the present study. 
The significance of a changing weight length relationship for S. 
maximus may not be simply a matter of the metamorphosis to a flatfish 
morphology. The change in the weight length relationship has also been 
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found in fish which do not undergo a pronounced metamorphosis such 
as Cyprinus carpio (Oikawa & Itazawa 1 1985) during development. This 
change may well be linked to these small fish maintaining a high 
surfacej volume ratio during their early life history to maintain 
favourable morphometric characteristics for cutaneous respiration 
(Hughes & Al-Kadhomiy 1 1988). This change in the weight length 
relationship may not simply reflect the change in the surface 
areajvolume ratio but also changes in the body composition of the fish. 
Weatherley (1959) found little change in the rate of increase of body 
morphometric measurements with length for juvenile and adult Tinea 
tinea. However 1 there was a significant change in the weight length 
relationship suggesting a change in the overall density of the fish. 
As the fish grows the necessity to increase their power output for 
swimming leads to a change in this relationship and the accumulation of 
white muscle 1 this would lead to a change in the overall density of the 
fish with the proportion muscle contributes to the whole body 
composition increasing with growth. 
Fin Area 
Oncorhynchus mykiss 
Fin area was found to increase in an allometric way by DeSilva (1974) 
during development in two species of marine teleost. Analysis of the two 
species in this study shows the same relationship. Analysis of the size 
specific fin area relationship during development was carried out using 
a power least squares regression. Analysis of the total fin area shows a 
diphasic allometric relationship with the inflexion in the rate occurring 
at approximately 21 mm in length or 70 mg wet weight. Covariance 
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analysis shows this to be a significant change in the allometric 
relationship with the growth of the fish. The initial rate of development 
is slower than the rate of development after approximately 70 mg. The 
initial rate is likely to be a result of the presence of the larval fin fold 
in these larvae. As development progresses the larvae develop true fins 
and the change in rate of fin growth occurs for these post flexion 
larvae. 
From the present analysis this change occurs mid-way through the 
period of endogenous feeding for 0. my kiss. The change in the 
allometric relationship would seem to be linked with the development the 
fins and their possible change in function during this period. This is 
likely to be related to the increase in swimming behaviour after this 
period as the yolk-sac becomes depleted and the fish are capable of 
feeding exogenously. The period prior to this shows a small increase in 
fin area which is a result of development of true fins within the finfold. 
However, analysis of weight specific fin area shows a general decline in 
the fin area from 1. 9 mm2 per mg of wet weight for the smallest alevins 
to 0. 55 mm2 per mg of wet weight for the fish of approximately 70 mg. 
The development of the weight specific fin area changes at a much 
higher rate during this initial period of larval development. This is 
likely to be a result of the small size of the larvae; however, the 
weight specific fin area is also at its highest level during this same 
period. The median finfold of the early larvae is generally poorly 
vascularised with only the paired and caudal fins having any significant 
level of vascularisation. As the true fins develop in the finfold the level 
of vascularisation increases with the blood supply remaining close to the 
fin ray. 
It therefore seems unlikely that the fins have the major role in 
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cutaneous gas exchange in 0. my kiss unlike the fins in larval 
Rhacochilus vacca. This is a viviparous species. The prenatal young of 
this species have elongated fin areas which are heavily vascularised 
prior to birth and are thought to function as the major site for 
respiration ( Webb & Brett, 1972a, b. ) 
Romborough & Moroz (1990) found no change in the rate of fin 
development for Oncorhynchus tshawytscha over the initial period of 
development. The fin area of fish from hatch to 13.4 g was measured 
and the rate of development was found to have an exponent value of 
0.574, this compares with 0.319 found in this study over the later 
range of fin development. The reason for the difference between species 
may be the more rapid development of fins in .Q.:_ tshawytscha, during 
the initial larval stages, this may obscure any early change in the rate . 
.Q.:_ tshawytscha also appear to undergo a smoltification process early in 
their development (2.5-4g wet weight, Romborough & Moroz, 1990) 
which may influence the rate of fin development during the early 
development of this species of fish. 
Scophthalmus maximus 
As for the fin area of .Q.:_ mykiss there is a change in the allometric 
relationship for the development of the fins for S. maximus with 
increase in size. There is an inflexion in the rate at approximately 3. 5 
mg in weight, this corresponds to late preflexion and flexion stages of 
larval development for .e...:_ maximus. It seems likely that the initial rate 
is due to changes in the finfold of these larvae and the change in rate 
reflects the development and growth of the true fins. The weight 
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pectoral fins develop early and are likely to be important in reducing 
lateral recoil generated by the movement of the caudal fin. This will 
tend to keep the head relatively stable during swimming activity, this 
also occurs in P. platessa larvae (Batty, 1981). A high weight specific 
fin area during this period also seems likely to increase substantially 
the cutaneous respiration possible. Oikawa & Itazawa (1985) found a 
change in the fin area of Cyprinus carpio during development with a 
change in the mass exponent for fin area from 0. 523 to 0. 724. DeSilva 
( 1974) found no apparent change in fin area with early development for 
!:...:_ platessa or ~ harengus, the mass exponents were 0. 679 and 0. 409 
respectively. 
Both species developed pectoral fins early in their development, these 
being the first fins to differentiate with muscular support and 
supporting rays. The significance of this early development of the 
pectoral fins has been suggested as an adaptation to increasing the 
efficiency of cutaneous respiration (Holeton 1 1971; Liem 1 1981). The 
continuous beating of the fins in ~ mykiss is likely to generate water 
currents over the body and disrupt boundary layers. Peterson ( 1975) 
using a tracer dye found the water currents generated by this rapid 
beating to flow over the anterior body trunk and dorsal area of the 
yolk-sac of S. salar alevins. He also found that the beating also 
generated a water flow throught the buccal and opercular cavity of the 
alevins 1 however minimal flow was generated over the whole yolk-sac. 
Ablation of the pectoral fins resulted in increased opercular movement 
in the larvae which suggests the fish with ablated pectoral fins had 
experienced a moderate physiological hypoxia which is known to 
stimulate increased buccal and opercular ventilation ( Holeton 1 19711 
McDonald & McMahon 1 1977) in salmonids. Liem (1981) in a similar study 
found water currents to be generated over the whole yolk-sac of 
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Monopterus albus larvae when the dye was placed in specific areas 
relative to the head and under reduced oxygen tensions. 
The early development of pectoral fins in §..:.. maximus may also serve to 
generate currents over the body. However, these larvae are also 
pelagic and so early development of these fins also serves to give the 
larvae increased head stability during swimming activity during the 
early period. This swimming activity would also serve to disrupt the 
boundary layers over the body. The importance of boundary layers in 
cutaneous respiration has been emphasised by a number of workers 
(Weihs, 1981,; Burggren & Pinder, 1991). Research on amphibians has 
shown that these boundary layers can contribute to over 90% of the 
resistance to the uptake of oxygen. However, movement either by water 
currents or by movement of the animal significantly disrupt the 
boundary layers around the skin to increase cutaneous respiration. One 
factor which was emphasised was that convolutions of the skin acted to 
preserve areas of reduced oxygen tension around the skin water 
interface (Pinder & Feder, 1990) 
Analysis of the length related development of fins in both species in 
this study were carried out. Generally the relationships determined for 
length mirrored those for the weight relationships except that the 
standard error for the length relationships were generally less than 
those for weight, reflecting the greater variability of weight during 
growth, it may also reflect the lower level of accuracy which is 
unavoidable when measuring the weight of such small specimens. 
The use of length in studying morphological relationships is common for 
small specimens because the degree of accuracy tends to be higher for 
small specimens. However, care must be taken in accounting for 
allometric growth of the fish during early development and the 
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regionality of this growth ( Fuiman, 1984) One problem is that as the 
fish increase in size the relative change in length becomes far less than 
that of weight. One danger in using length measurements is their use 
as a morphological determinant in physiological energetics. Length gives 
an inferior estimate of the state of health of the animal than weight and 
cannot give an accurate reflection of the variations in proximate 
composition of the animal . It also has a high heritability factor which 
may cloud any relationships which occur between populations. It is 
therefore important to use length dependant relationships to allow 
clarification of changes in morphology during development, especially 
early development. However, when comparisons and relationships with 
processes such as oxygen consumption is concerned then weight is a far 
more useful morphological determinant because of the high level of 
dependence which energetic perameters tend to have on weight. 
For the purposes of this study the length relationships are used to 
identify key areas of transition in the morphometry of the fish and 
support the evidence for changes also determined by the weight 
dependant relationships. This is especially important for S. maximus 
which undergoes a change in its weight length relationship with 
development. 
Body Area 
Oncorhynchus mykiss 
The analysis of body area in ~ mykiss shows a distinct change in the 
rate at which body surface area develops. Like fin area it has an 
allometric relationship with weight and length. The level of variability 
for these relationships is generally low with high levels of correlation 
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for the predictive regression. This high level of correlation is to be 
expected from a predictive model estimate compared to any direct 
measurement technique. The initial change in body area is higher than 
later development with an inflection in the rate at approximately the 
same point as the rate of growth of the fin area. This initial rapid rate 
of increase in body surface area may be a result of the changes 
occurring to the finfold of the fish or an initial rapid increase in the 
body due to expansion in growth of the fishes musculature after 
hatching. 
Prior to hatching the diffusion of oxygen to the body would be limited 
by the chorion and perivitelline fluid ( Romborough, 1989). Therefore it 
is to the embryos advantage to maintain a thin body trunk. Once 
hatching has occurred the rate of diffusion would increase and 
increases in body musculature become necessary as swimming activity 
increases. Oikawa & Itazawa ( 1985) showed that there was a rapid 
increase in the morphological features of the body of C. carpio larvae 
during early development with both body height and body width 
showing a diphasic allometry in relation to body length with the initial 
exponents for this relationship being in excess of unity. It is a result 
of these changes in the body shape that produce the initially high rate 
of increase seen. In ~ carpio this initial rate was 0. 596, this increased 
in later development to 0. 664. The rate in Q,:. my kiss decreased with 
development, however, this may reflect the rapid rate of development of 
aerobic musculature in 0. my kiss which has been shown to develop 
during the period of endogenous feeding ( Hinterleitner et al. , 1987). 
No change in the rate of development of body surface area was found 
by Romborough & Moroz (1990) during the early development of Q,:. 
tshawytscha which was found to develop according to the allometric 
relationship; 
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Body Area = 648W0.641 
for fish between 0. 045 and 13. 4g. 
The lack of any change in their analysis of body allometric relationship 
may be a result of the measurement technique used. In their study they 
determined the projected surface area of the body and doubled the 
value 1 thereby not taking into account the increase produced by the 
body of the fish becoming more cylindrical during early development. 
This would obscure the initial changes in the body surface area 
resulting from the increases in body depth. The weight specific changes 
in body area for ~ my kiss declines from 2. 55 mm2 per mg. wet weight 
to 1. 72 mm2 per mg. wet weight at 70 mg. The weight specific body 
area for these fish is larger than fin area for ~ mykiss which suggests 
that the body of these fish be of more significance for cutaneous 
respiration during these early development stages. The high allometric 
scaling constant for this period suggests a low rate of change of the 
mass specific body area with increases in size. However 1 the diffusion 
distances into the fish for oxygen is likely to be greater as the body 
musculature generally has only a moderate blood supply. The presence 
of the "red layer" beneath the dermis in these larvae will reduce 
diffusion distances to sites of aerobic metabolising musculature. the 
local supply of oxygen to these tissues may well be provided by 
cutaneous respiration. Activity increases with the development of these 
larvae and aerobic metabolism of the musculature accounts for a 
significant proportion of the aerobic metabolic demand. Demersal larval 
species which often have delayed gill development retain the "red layer" 
around their body for longer suggesting some physiological link 
(Hinterleitner et al. 1 1989). 
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Scophthalmus maximus 
Analysis of the rate of body area increase for S. maximus shows a 
similar pattern to that of ~ mykiss with a diphasic allometry to the 
development. There is a decrease in the rate after an initially high rate 
of increase. The point of change occurs relatively early in larval 
development at around the same point as the rate of fin area 
development changes. If these results are compared with those of 0. 
mykiss the change in the allometric relationship follows a similar form 
with an increase in the initial scaling constant during development. The 
eventual body shapes of the two species studied is completely different, 
this consistency between the two species suggests similar changes 
occurring in both species during their early development. 
Both species undergo an increase in the body depth after hatching 
which may account for this similarity. This change was unlikely to be a 
result of the change in measurement technique for body surface area 
which was necessary for §....:_ maximus as this was not implemented until 
the fish were 8 mm in length, whilst the change in rate occurred earlier 
at approximately 5. 5 mm in length. The reason for changing the 
measurement technique was because of increased inaccuracies in the 
initial model used to predict the body area of the preflexion larvae. The 
initial rate may reflect the rapid development of swimming musculature 
in the fish and the expansion of the body into the finfold and 
interstitial space between the epithelium and the central muscle mass. 
A similar diphasic allometry was observed for Cyprinus carpio ( Oikawa 
& Itazawa, 1985). DeSilva (1974) observed no change in the rate of 
body area development for .E.:_ platessa or C. harengus during early 
larval development of these species. This may be because she only 
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measured body depth of the fish assuming a cylindrical shape which 
would not account for any changes in the depth of the larval body. 
Maintaining a thin body depth initially is likely to be important to larval 
fish as evidence suggests that simple diffusion is adequate for 
providing sufficient gaseous exchange for mitochondria in body 
diameters of less than 1 mm ( Burggren & Pinder, 1991). The weight 
specific body area over the initial development period changes from 6. 72 
mm2 per mg. wet weight to 3.52 mm2 per mg. wet weight. Comparison 
of these results with the weight specific fin area data suggests that the 
fin area for S. maximus is the most significant surface for cutaneous 
gaseous exchange being nearly twice that of body area at first feeding. 
Yolk-sac Surface Area 
Oncorhynchus mykiss 
Analysis of the development of yolk-sac surface area shows a diphasic 
negative allometry for 0 . my kiss. The change in the allometric 
relationship occurs at approximately 21 mm in length or 70 mg in 
weight. This is approximately the same period in development as the 
changes in the allometric relationship occurs in body area and fin area. 
The change in yolk-sac surface area in relation to size is an initial slow 
decline in surface area followed by a rapid decline after 70 mg in size . 
Romborough & Moroz (1989) also found a similar relationship for Q_:_ 
tshawytscha alevins. 
Changes in the weight of the yolk-sac have been shown to decline more 
rapidly during the mid point of endogenous feeding ( Heming & 
Buddington, 1988) for 0. tshawytscha. Absorption rate of the yolk 
material is dependent on the surface area of the yolk syncytium 
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surrounding the yolk material, the actual rate of yolk absorption has 
been found to be rapid during the main period of endogenous feeding 
with a reduction towards the end of this period in salmonids ( Heming & 
Buddington, 1988). The utilisation efficiency (growth/ growth and 
aerobic metabolism) of the yolk material has been found to decline 
generally with the decrease in size of the yolk-sac in ~ mykiss This 
efficiency rapidly declines towards the end of endogenous feeding 
(Romborough, 1988a). 
The reason for the rapid decline in the yolk-sac area after 70 mg may 
be a result of the reduced utilisation efficiency. The increase in 
swimming behaviour during endogenous feeding is known not to increase 
the rate of yolk utilisation in salmonids (Brannon, 1965; Hanson & 
Moller, 1984). However, if the utilisation rate decreases during this 
same period then the amount of somatic growth will be reduced and 
therefore the weight or length dependant rate of yolk-sac area would 
decline rapidly. The reason for the decline in utilisation efficiency may 
be a result of changes in the yolk composition (increase in water 
content (Escaffre & Bergot, 1984)) or may be a result of increases in 
metabolism during this period and therefore a decrease in gross 
utilisation efficiency (weight gain/ weight of yolk used) for the fish 
(Heming & Buddington, 1988). 
The importance of the yolk-sac as a respiratory surface in salmonids 
has been proposed by a number of workers (e.g. Holeton, 1971; 
McDonald & McMahon, 1977), the slow reduction in its surface area 
during the early development of the larvae indicated by this study 
would be of benefit to the larvae as over the same period the mass 
specific yolk-sac surface area is likely to remain high. During this 
early period there is a decline in the mass specific yolk-sac surface 
area from 2.8 mm2 per mg. wet weight to 0.5 mm2 per mg. wet weight, 
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this declines far more rapidly to 0.02 mm2 per mg. wet weight just 
prior to complete resorption of the yolk-sac surface over the second 
phase identified in yolk-sac absorption. Comparison of this data with 
weight specific body and fin areas suggests that the yolk-sac surface is 
the single largest surface area on hatch which would indicate it having 
the major role in cutaneous surface area. The high level of 
vascularisation of the yolk-sac surface would increase the efficiency of 
this role increasing the oxygen diffusion gradient and rate of oxygen 
transportation to other areas of the body. 
Total Body Area 
Oncorhynchus mykiss 
The total body surface area for ~ mykiss shows a diphasic allometry 
over the size range studied. The initial rate of change is less than that 
of the rate after approximately 25 mm in length or 100 mg in weight. 
This change in the rate occurs at the same point during development as 
the complete resorption of the yolk-sac of the larvae. Romborough & 
Moroz (1990) found a similar change in the allometric relationship for ~ 
tshawytscha with a change in the mass exponent for the relationship 
from 0. 260 to 0. 630 for the periods of endogenous and exogenous 
feeding respectively. 
A change in the rate of development of total body area was also found 
by Oikawa & Itazawa ( 1985) for f.:_ carpio with an increase in the mass 
exponent from 0. 578 to 0. 670. The difference in magnitude of the 
change in rate when compared to the data for salmonids is likely 
because there is no extended period of endogenous feeding in C. carpio 
and smallest fish used in the study by Oikawa & Itazawa ( 1985) had 
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used up their yolk-sac. The change in the rate for f..:_ carpio occurs at 
approximately 1g which is three degrees of magnitude larger than the 
size of the yolk-sac fry. Changes may also occur in the total surface 
area for 0. my kiss at a larger size than was covered in this study. 
The weight specific total body area for ~ mykiss during the period of 
endogenous feeding shows a decline from 7. 85 mm2 per mg. wet weight 
to 2.51 mm2 per mg. wet weight. The various proportions of the 
cutaneous respiratory surfaces shows that the contribution of the yolk-
sac declines rapidly over the initial period of development studied, the 
proportion the fin area contributes to the total also declines rapidly 
over this same period with body area increasing. This is similar to the 
relationship found for ~ tshawytscha by Romborough & Moroz ( 1990). 
The initially low weight specific exponent for total body area during 
endogenous feeding suggests that the rate of mass specific total body 
area during this period is undergoing a more rapid change than later 
development and is also higher than later development. The main factor 
in maintaining this high mass specific rate being the change in yolk-sac 
surface area. 
The length dependant total body area relationship increases over the 
period of development studied. The length exponent for the post larval 
rate is not significantly different from the accepted value of 2 ( Blaxter, 
1988). The fish therefore appear to be following the normal surface area 
to volume relationship. 
Scophthalmus maximus 
The rate of development of total surface area for S. maximus shows a 
simple allometric relationship with a mass exponent of 0. 747. The 
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analysis of covariance shows no change in this rate over the period of 
study. This value is higher than that found by DeSilva ( 1974) for P. 
platessa or ~ harengus thought this may just reflect differences in the 
measurement techniques used in determining body area, which were less 
for the latter two species. It may also reflect difference in the timing 
and speed of the metamorphosis in ~ maximus compared to these 
species. Oikawa & Itazawa ( 1985) found a change in the rate of total 
body area for ~ carpio, however, their study encompassed a much 
greater size range of fish than in this study. If larger fish had been 
used a direct comparison with their findings may be of more relevance. 
Comparison of the length specific total body area for ~ maximus shows 
the length exponent to be 2. 361. This is significantly different from the 
generally accepted exponent for this relationship of 2. This is not 
surprising considering this is a flat fish undergoing a major 
metamorphosis in general body shape. The normal surface area to 
volume relationship is likely to be higher for these species than that 
expected of a normal round fish. The weight specific rate of body 
surface increase is also constant over the period studied. The smallest 
larvae have a weight specific total surface area of approximately 19 mm2 
per mg. wet weight. A 1 mg larvae has an approximate weight specific 
total surface area of around 12.5 mm2 per mg. wet weight, this 
compares to 12 mm2 per mg. wet weight for a 1. 3 mg f...:_ carpio larvae 
( Oikawa & Itazawa, 1985) . A similar level also occurs in E.=._ platessa and 
C. harengus ( DeSilva, 1974). The single rate obtained for this period 
by combining the two measured areas which had significant changes in 
their rate suggests a link between the initially high rate of development 
of the body surface and the initially low rate for fin area. The likely 
explanation is that the body area is functionally replacing areas of the 
larval finfold during this early development, and thereby linking the 
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two surfaces morphometrically. 
The importance of the fin area as a respiratory surface is emphasised in 
Figures 52 and 53. The proportion of the total body surface area the 
finfold and fins represent during the early development is clearly 
illustrated. In the smallest first feeding larvae the fin area was 
responsible for up to 65% of the total surface area. 
Contrasting the development of the external surface areas of the two 
fish species in this study shows that S. maxim us has a far greater mass 
specific surface area to weight relationship during their early 
development. The finfold/ fins are also far more important as a 
respiratory surface than in 0. my kiss. 0. my kiss have secondary 
lamellae on hatching and haemoglobin in their blood. The obvious 
difference in the size of the two larvae is likely to contribute to this 
difference. However 1 the far higher fin and body surface area 
proportions for S. maximus is also likely to be an important factor. 
Therefore 1 the apparent lack of cutaneous surface area in these fish is 
likely to be compensated by the increased efficiency produced by the 
presence of some branchial development and respiratory pigment. 
Cutaneous respiration is of significant importance in both species 
studied. The lack of any branchial development in S. maxim us until 
approximately 4mm in length suggests that cutaneous respiration 
provides 100% of the gaseous exchange during this period. The 
finfold/ fins of the larvae are the main site of cutaneous respiration 
mainly due to the high weight specific surface area during this period 
compared to the body area. In the absence of any respiratory pigment 
and poorly developed circulatory system these larvae rely mainly on 
simple diffusion to provide the required gaseous exchange during this 
stage of development. The importance of activity reducing the diffusion 
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boundary layers in larval fish has been emphasised by a number of 
workers (Weihs, 1980a; Burggren & Pinder, 1991). 
Boundary layers surrounding the larvae are thought to be the major 
barrier to cutaneous gaseous exchange. By moving, these layers are 
effectively disrupted and the rate of cutaneous respiration increased 
(Pinder & Feder, 1990). 
The presence of respiratory pigment and an initially reduced oxidative 
metabolism in larval Q.:_ mykiss (Hinterleitner et al., 1987) gives the 
larvae more respiratory flexibility during early larval development. The 
larvae do not require such a high surface area to volume ratios as ~ 
maximus have during early development because of the more advanced 
circulatory system present in these larvae (Morgan, 1971; Holeton, 
1971). The larvae do however, have a relatively high surface area 
during early development and cutaneous respiration is likely to be 
highly significant during the period of endogenous feeding. The yolk-
sac contributes over 50% of the total external surface area during the 
initial stages of endogenous feeding, it is also heavily vascularised and 
so likely to make a major contribution to cutaneous respiration. 
The gills are not likely to contribute significantly during this early 
period because they are poorly ventilated by weak buccal movements 
immediately post hatch and strong ventilation of the gills does not 
normally occur until day 6 post hatch ( Holeton, 1971). The rapid 
beating by pectoral fins during early larval development may contribute 
to the ventilation of the buccal area (Peterson, 1975), however, the 
relative size of the gill area at this time would only provide a small 
proportion of the total respiratory surface area. 
The larvae of Q.:_ mykiss are therefore likely also to rely on cutaneous 
respiration during early larval development. The main site of cutaneous 
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respiration however, is likely to be the surface of the yolk-sac in this 
species rather than the body or fins. The comparison of the relative 
proportions of the 3 surface areas in Figure 48 shows that the fins 
contribute their greatest proportion during the initial stages of larval 
development. This is likely to reflect their importance in cutaneous 
respiration rather than any locomotary function. 
Gill Area 
Gill area develops in a similar way in both species, the growth of the 
filaments occurs at the greatest rate toward the centre of the gill arch, 
the lamellae increase in size with those distal to the gill arch developing 
first and also the largest on the filament. The second gill arch was 
more developed than the other three during early development, 
generally having a greater surface area than the other three. 
Oncorhynchus mykiss 
The gill area of ~ mykiss was determined by counting the number of 
secondary lamellae and determining the mean area of the secondary 
lamellae present. This was thought to be a more accurate method than 
determining lamellae numbers from density measurements. The use of 
lamellae density in larval and small fish can lead to greater variation in 
the estimate because of the rapidly changing gill structure and the non 
uniform development of the filaments in the gill. The rate at which the 
secondary lamellae are recruited was monitored as well as the change in 
the mean surface area of these lamellae. The use of this relationship 
has been used by some workers solely as an indication of the 
development of the gills with lamellae numbers being counted from the 
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first gill arch to determine the relative state of development of the gills 
(El Fiky & Wieser 1 1988; Hinterleitner et al. 1 1989). 
From these analyses it is apparent that the rate of early recruitment of 
secondary lamellae is far higher than that in later development. The 
number of secondary lamellae in relation to the weight of the fish gave 
a diphasic allometry with an initial exponent of 3.028. This rate of 
recruitment then fell to 0. 542 after the fish had reached a weight of 
approximately 60 mg. The rapid expansion in secondary lamellae 
recruitment in larval fish has been well documented as a result of the 
rapid increase in length of the gill filaments during this period (e.g. 
DeSilva 1 1974; Oikawa & Itazawa 1 1985; Hughes & Al Kadhomiy 1 1988; 
Prasad 1 1988). The length dependant relationship for secondary lamellae 
recruitment showed a triphasic allometry with changes in the rate at 20 
and 27 mm. The reason for this difference may be a result of the 
reduced variance in the length data clarifying the changes in 
recruitment rate. It may also reflect an extended period of transition 
for the gills during this period of growth rather than a period of 
sustained recruitment at the new rate. 
One factor which must be born in mind is that these relationships have 
been historically determined as a series of linearised rates which change 
at set points in development. However 1 the changing rate may in fact 
be curvilinear during this early development stage. By using 
morphological determinants other than weight this may become more 
apparant. Analysis of the data does show however 1 high levels of 
linearity for the different stages analysed. 
The mean bilateral area for the secondary lamellae of Q.:_ mykiss also 
shows a significant diphasic allometric relationship with both weight and 
length. The change in the rate occurs later in development than the 
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change in lamellae recruitment at approximately 150 mg in weight. The 
initially high rate of change in the lamellae size is a result of the rapid 
recruitment and enlargement of the lamellae. This is the reason for the 
later change in the rate because although the rate of recruitment may 
have declined the lamellae were still increasing in size. Increase in gill 
area during later development is mainly due to increases in lamellae size 
rather than increases in lamellae number, this is due to the relatively 
fixed dimensions of the branchial cavity ( Hughes et al, 1986) . 
The gill area calculated from the above two parameters also shows a 
diphasic allometry with both length and weight. The change in rate 
occurs at approximately 27 mm in length or 110 mg in weight. The 
initial rate mass exponent is 3.38, this later declines to 0.868. These 
changes in gill area have been observed by a number of workers and it 
now seems likely that this rapid gill area recruitment is the norm for 
larval fish. Comparison of the data in this study with other published 
values shows similarities. 
Hughes and Al - Kadhomiy ( 1988) calculated an initial mass exponent of 
3.44 from data by Morgan (1971) for Q.:_ mykiss with the change in rate 
occurring at approximately 0 .1g. The data from this study agrees with 
these findings. Romborough and Moroz (1990) found an initial exponent 
value of 0. 750 for Q.:_ tshawytscha which increased to 0. 9. However, 
this result excludes the rapid increases in gill area during the 
expansion of the filaments in the gill and makes comparison difficult. 
The reason for this is that the change occurs over a short period of 
time with only a small change in the mass of the fish and the use of 
mass exponents for these periods were deemed inappropriate. 
The significance of the rapid development of gill area during early 
development has been linked with the change from cutaneous to 
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branchial respiration in these fish ( Blaxter, 1988) . The mass specific 
gill area for 0. my kiss at the point of inflection is approximately 0. 5 
mm2 per mg of wet weight, while the mass specific cutaneous total 
surface area at this point is approximately 2. 1 mm2 per mg of wet 
weight. It seems likely that there must still be a significant contribution 
from cutaneous respiration at this point in development. The 
development of scales is only in its initial stages and so the supply of 
respiratory needs for these fish by local cutaneous respiration is likely. 
If the timing of the increase in gill area is analysed, the initial rapid 
rise in gill area occurs during the period of endogenous feeding. The 
rate changes just after the fish has become free swimming and the yolk-
sac absorbed. The change in the allometric scaling constant for gill area 
occurs at approximately the same time as the change in the scaling 
constant for total body area relationship. 
Scophthalmus maximus 
Analysis of secondary lamellae recruitment with development shows a 
diphasic allometry in relation to weight, and a possible triphasic 
allometry for the length relationship. The initial increase occurs from 
approximately 4. 5 mm in length when secondary lamellae appear in the 
gills of the fish. Prior to this there is minimal development of the gills. 
The observed triphasic relationship for the length relationship may be a 
result of the very rapid increase in the number of lamellae during the 
initial period of gill development. The other factor to be considered is 
the change in the weight length relationship during this same period of 
development. The triphasic relationship for length may' well be an 
artefact from this change in the weight length relationship. This occurs 
over a short period of time with only minimal changes in length and may 
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introduce a non linear factor into the power relationship. This would be 
expressed in the analysis as a change in the rate of development. 
There is some similarity with the lamellae recruitment in Q.:. mykiss 
which also shows a triphasic allometry in relation to length. However, 
0. my kiss shows no change in the weight length relationship. 
Comparison of the rate of lamellae recruitment with other species shows 
a similar rapid increase. One aspect of the gill development of flatfish 
is the unequal development of the gill filaments on either side of the 
head of the fish with the ventral side having a reduced level of 
development post metamorphosis (Al Kadhomiy, 1985). By only 
measuring the gill area from one side of the head and doubling the 
result, the total gill area will be either under or over estimated for 
these fish. By determining the total number of secondary lamellae in the 
gills over the period studied for §.:_ maximus for this study this problem 
was avoided. 
The mean lamellae area shows a diphasic allometry in relation to body 
area and a possible triphasic relationship with length. The point of 
change in the rate of development of mean lamellae surface area occurs 
after the change in the lamellae recruitment rate. This mirrors the 
development of the gill area of Q.:. mykiss with the change in rate of 
mean lamellae surface area occurring after the change in the rate of 
lamellae recruitment. 
The gill development for S. maximus appears to start at approximately 1 
mg, this is similar to the start of gill development in ~ platessa 
(DeSilva, 1974) and Platichthys flesus (Al Kadhomiy, 1985). Analysis of 
total gill area shows a rapid development for §..:.. maxim us up to 6. 8 mg 
in weight with a mass exponent of 3.47, this rate then declines to 0. 741 
for fish larger than 6. 8 mg. Comparison of these results with other 
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published data for flatfish shows similar findings. AI Kadhomiy ( 1985) 
found a mass exponent of 2. 213 for Platichthys flesus during the early 
period of gill development. DeSilva (1974) found an initial mass 
exponent of 1.59 for Pleuronectes platessa. The point of inflexion of the 
relationship occurs at the same point of development that the body and 
fin areas change their allometric relationship. 
The change in rate appears to occur at a smaller size in S. maxim us 
than in these other species, the initial mass exponent is also much 
higher than these other species. This may represent the more warm-
water temperate range of §.:. maximus than the other flatfish species 
studied. A rapid increase in gill development for this species would 
allow greater respiratory flexibility at higher environmental 
temperatures with the resultant increased metabolic rate and reduced 
oxygen concentration availability. This rapid development would be a 
useful ecological strategy for survival and predator avoidance and has 
been suggested by other workers to occur in larval fish. ( Houde & 
Scheckter, 1983; McGurk, 1986; Werner & Gilliam, 1984) The appearance 
of respiratory pigment also occurs earlier in S. maxim us than in P. 
platessa; blood cells were observed in the larvae of S. maximus from 
approximately 4 mm in length and the blood appears red from 
approximately 6 mm in length. 
De Silva ( 1974) determined the initial occurrence of haemoglobin in P. 
platessa larvae from 12 mm in length which is just prior to 
metamorphosis. The mass specific gill area for S. maxim us at the point 
of inflection is approximately 1 mm2 per mg of wet weight. This 
compares with 5 mm2 per mg of wet weight for the mass specific total 
cutaneous surface area. It seems likely that branchial respiration is 
replacing cutaneous respiration at this point, because of the relatively 
higher efficiency of branchial respiration. 
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However, cutaneous 
respiration is likely to be playing a significant role. The significance of 
cutaneous respiration is also likely to be greater for §..:_ ·maxim us than 
0. mykiss at this same point in their branchial respiratory development. 
Comparison of the weight specific gill areas in relation to the weight 
specific total cutaneous surface area shows some similarities between the 
two species. The point of inflexion for £.:.. mykiss gives a weight 
specific gill area of 0. 5 mm2 per mg of wet weight and a weight specific 
total cutaneous area of 2. 1 mm2 per mg of. wet weight, this gives a 
ratio of 4/1 cutaneous to gill areas. If the same relationship for S. 
maximus is compared for the same period it gives a ratio of 5/1 
cutaneous to gill area. This similarity of these ratios between the two 
species is surprising considering the difference in physiological 
development of the two species during the larval stages. The similarity 
may also reflect the gill area requirements to replace cutaneous 
respiration during development. The ratio for 0. mykiss would be 
expected to be lower because of the more advanced nature of its 
circulatory system, and the lower level of weight specific cutaneous 
area in this species. 
Total Respiratory Surface Area 
Oncorhynchus maximus 
Analysis of the total respiratory surface for 0. my kiss shows a 
significant diphasic allometry over the period studied. The mass 
exponent for this relationship changes from 0. 38 to 0. 63 over the period 
studied. Comparison with published data shows a similar pattern for £.:.. 
tshawytscha with a change in the rate from 0. 39 to 0. 857 after yolk 
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absorption ( Romborough & Moroz, 1990). It is apparent from this 
analysis that the yolk-sac plays an important role in the early allometric 
relationship for total respiratory surface, the increase in gill area 
during this period replacing the reduction in this surface area. 
Scophthalmus maximus 
Analysis of the rate of change in the total respiratory surface area 
shows a simple allometric relationship over the size range studied. The 
mass specific exponent for this relationship is 0. 77 for §..:_ maxim us, this 
compares to 0. 594 for ~ harengus and 0. 505 for E.:_ platessa ( DeSilva, 
1974). The higher rate observed for §..:.. maximus may represent the 
rapid development of the respiratory system and the higher metabolic 
demand of §..:. maximus compared to the species analysed by De Silva 
(1974). However, comparison with freshwater species such as 0. 
tshawytscha has a mass exponent of 0.857 for the second stage of 
development of their respiratory surfaces. One explanation is the larger 
specimens of E.:_ platessa used by DeSilva ( 1974) were wild caught 
specimens, and it is known that wild caught specimens differ 
significantly from laboratory reared individuals in growth rates and 
morphology ( Blaxter, 1975). 
The importance of cutaneous respiration for larval fish has been 
reviewed by a number of authors (Hughes & AI Kadhomiy, 1988; 
Romborough, 1988b; Blaxter, 1986; 1988). It is clear that the small size 
and high surface area/volume ratios that these larvae have, maximises 
the potential for cutaneous respiration. In the absence of any gill 
development in many species of marine larvae cutaneous respiration must 
provide 100% of the demand for these fish. Investigation of their 
morphology suggests that their body dimensions maximise the potential 
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for cutaneous respiration. In the case of §..=.. maximus the high mass 
specific fin area during larval development (19 mm2 per mg of wet 
weight) would suggest that the process is efficient for these larvae. 
Body depth during this period of development is kept to a minimum so 
minimising diffusion distances. 
In the case of demersal larvae such as .Q.:_ mykiss the presence of a 
large yolk-sac maintains a high surface area to volume ratio for these 
fish. Gill development is nominally present in these fish and the 
presence of respiratory pigment will considerably enhance cutaneous 
respiration by maintaining a high diffusion gradient across the 
skin/water interface. The importance of cutaneous respiration in fish 
larvae applies therefore to both demersal and pelagic species. 
The rapid development of the gills during early development seems to 
occur as the surface area for cutaneous respiration is generally 
reduced. The efficiency of these other surfaces is being reduced 
because of the increase in dermal thickness. The rapid development of 
the gill filaments and lamellae may be an adaptation not simply to 
increase the surface area of the gills but also to rapidly develop a 
functional gill matrix and the establishment of a gill sieve. The 
efficiency of the gills before this is established may well be reduced. 
The initial rapid increase in secondary lamellae size would significantly 
increase this process as the area for gaseous exchange in the gill sieve 
is determined by secondary lamellae size (Morgan, 1971). 
The rapid development of the gills must also be accompanied by an 
increase in the branchial and opercular chambers to encompass the 
gills. Fuiman ( 1983) found a rapid expansion in these chambers for 
juvenile fish of a number of species. The rapid expansion of the buccal 
and opercular chambers will increase the area for expansion of the gills 
and also increase the efficiency of pumping rate. 
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The results from this study of the development of the potential 
respiratory surfaces contributes further evidence for the hypothesis of 
symmorphosis proposed by Weibel & Tayler (1981) and Tayler et al. 
( 1987). This hypothesis suggests that the structures supporting a 
function should be no larger than needed to satisfy the functional 
demand at the limit of performance. This would result in the regulation 
of morphogenesis. Although this hypothesis was proposed for mammalian 
physiology there is evidence that it has supportive evidence from the 
respiratory development in fish (El Fiky & Wieser, 1988) . The changes 
in the rates of development of cutaneous surface areas combined with 
the relocation of oxidative metabolising musculature during larval 
development, the simultaneous development of the branchial respiratory 
system to compensate for possible reduced efficiency of cutaneous 
respiration all represent further evidence for this hypothesis. 
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Bilogarithmic Plot of 
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Bilogarithmic Plot of 
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Figure 62 
Bilogarithmic Plot of 
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Bilogarithroic Plot of Total 
Gill Area uersus Total Length 
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Bilogarithmic Plot of Total 
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Chapter 3 
VASCULARISATION AND 
RESPIRATORY PIGMENTS 
INTRODUCTION 
The occurrence of haemoglobin during the development of teleost 
larvae is highly variable with respect to the stage at which it 
develops. A number of workers (e.g. Soin 1966, Balon, 1975) have 
noted that species that develop haemoglobin relatively late in larval 
development have pelagic egg and larval life histories. Another factor 
that must be considered is that the eggs of these species are also 
generally small and so the diffusion distance for gaseous exchange is 
minimal. Under normal circumstances oxygen is unlikely to be a limiting 
factor for these species and there is no physiological requirement for 
respiratory pigment. The presence of a respiratory pigment may even 
be a disadvantage for pelagic larvae, because of the increased 
coloration the presence of the pigment may cause. The absence of 
pigment, presumably reduces contrast with the surrounding water and 
therefore larvae remain undetectable by predators . This is likely to be 
related to the fact that pelagic larvae remain relatively devoid of 
pigment late into their development when their ability to detect and 
avoid predation has progressed further. 
However, species that develop haemoglobin early in their life history, 
often before hatch, have demersal egg and larval life histories. The 
reasons for this early development of respiratory pigment may be 
because the eggs are often far larger than pelagic eggs, so diffusion 
distances for gaseous exchange are relatively large. Demersal 
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environments may also be subject to periods of low oxygen tensions so 
respiratory pigment may be required to allow the developing embryo or 
larvae to survive. This adaptation to potential hypoxic conditions may 
well have some influence on any possible respiratory "critical period" 
during development, the larvae or embryo that have developed 
haemoglobin early having the greate~ capacity to resist reduced oxygen 
tensions or have the greater capacity for aerobic metabolism . 
The presence of haemoglobin in demersal larvae has been well 
documented (see Balon 1975). However, the importance of this pigment 
during early development has been shown to be limited during artificial 
culture conditions. Holeton ( 1971) exposed larval Q_:_ my kiss to carbon 
monoxide, thereby eliminating the respiratory pigment's ability to carry 
oxygen. The larvae exposed to the carbon monoxide exhibited no 
visible signs of distress during or after treatment. It is therefore 
likely that they did not suffer a physiological hypoxia sufficient to 
induce a stress response. Iuchi ( 1985) chemically destroyed the 
erythrocytes of Q_:_ mykiss embryos with phenylhydrazine; the eggs and 
larvae continued to develop normally, and survived until they were 
free swimming fry. It is apparent from these experiments that the 
presence of haemoglobin in these embryos and fry is unnecessary 
under normal oxygen tensions. However, it must play a vital role when 
oxygen tensions drop below normal levels, which is possible in the 
demersal environments which the eggs and larvae inhabit. 
The development of the respiratory pigment is generally preceded by 
the development of the vascular system, thereby allowing optimum 
utilisation of the pigment as it develops in transferring oxygen to the 
tissues. A number of workers have observed the circulatory system in 
action in larval fish well before the development of a respiratory 
pigment in the fluid (e.g. De Silva, 1973; Iwai & Hughes, 1977; 
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Blaxter 1 1988; Pittman et al. 1 1990). The heart of most larval fish can 
be seen pumping fluid through vessels to the rest of the body 1 and is 
therefore likely to play some respiratory role during early development 
in transporting diffused oxygen around the body. 
Little work has been done on the systemic circulatory system of 
larval fish and any role it may have in gaseous exchange. Some 
qualitative studies have suggested the existence of structures that 
enhance gaseous exchange in larval fish. Lanzing ( 1976) described a 
dense net of blood vessels in the caudal trunk of Oreochromis 
mossambicus yolk-sac larvae and suggested a possible respiratory role 
for this structure. The highly vascularised yolk-sac of salmonids has 
been ascribed a respiratory role by a number of authors (e.g. 
Byczkowska-Smyk 1 1962; Holeton 1 1971; McDonald and McMahon 1 
1977). Most larval fish have a layer of muscle fibres surrounding the 
main muscle blocks of the trunk 1 just below the dermal epithelium. 
This layer has been referred to as the "red layer". It has been 
suggested in a recent paper (El-Fiky & Wieser 1 1988) that this layer 
of embryonic muscle enhances gaseous exchange at the surface of the 
fish's body. However 1 little work has been done on assessing the 
extent of vascularisation or attempts to assess the role these 
structures might have on gaseous exchange. 
Development of the branchial blood vessels has been relatively well 
studied on a number of different species ( Solewski 1 1949; Markiewicz 1 
1960; Morgan 1 1971 1 1974a 1 b; McElman and Balon 1 1979; Paine and 
Balon 1 1984). As the vasculature develops it has been shown that 
there is a decrease in the diffusion distance between blood and water 
(Morgan 1 1971 1 1974b) suggesting a possible increase in the efficiency 
of the gills. Little work has been done on changes in diffusion 
distances for other vascularised areas. 
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Whilst a number of studies have investigated the development of the 
vascular system in teleosts (e.g. Morgan, 1971, Gehrke, 1988) little 
work has been done on the development of the heart in larval fish. 
The heart has obviously started beating before hatch in most species 
of fish but, its role as a pump for the blood develops later. Even in 
fish that hatch with a relatively well developed vascular system and 
respiratory pigment the pumping rate is erratic. The development of a 
steady controlled heart beat develops later (Holeton, 1971; Morgan, 
1971). 
The structure of the heart types and ventricular tissues has been 
intensively studied and classified for adult fish (Santer & Greer-
Walker, 1980; Santer, Greer-Walker, Emerson and Witthames, 1983). 
The neural control of the heart and its function has also been well 
documented (Laurent, Holmgren and Nilsson, 1983). Teleosts fall into 
four general categories of heart types that are distinguished by the 
structure of their ventricular myocardium. The four types are as 
follows: 
1. A purely spongy myocardium type, e.g. S. maximus 
2. Spongy myocardium as well as an outer cortical 
shell of compact myocardium. (Mixed type) e.g. 0. my kiss 
3. As for No. 2 but a capillary network 
linked to spongy layer 
4. High proportion of ventricle is compact myocardium 
(35 - 40%). Well developed capillary network, penetrating 
into the Spongy layer. 
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The two forms of ventricular myocardium mentioned, i.e. spongy and 
compact can be differentiated morphologically. The spongy type 
consists of a trabecular arrangement of cardiac fibres so creating 
spaces between the fibres, giving it a spongy appearance. The 
compact type has no spaces between the fibres, as the fibres are 
closely packed together. The significance of the morphological 
differences has been confirmed by biochemical differences between the 
types (Tota, 1983). 
The blood supply to the spongy type is generally provided by 
ventricular blood passing through the heart and consequently through 
the lumen created by the trabeculae. However, because of its compact 
nature the supply of blood to the compact layer must be provided by 
capillaries either from the spongy layer or a coronary supply if it 
becomes a significant proportion of the ventricular muscle. 
The development of compact myocardium allows the heart to create 
high pressures within the ventricular lumen and so pumping blood far 
more quickly and efficiently. The presence of compact myocardium in 
the heart of a fish generally reflects the lifestyle or environment of 
that species of fish lives in. Active species tend to have compact 
myocardium, the proportion, relative to the whole ventricle generally 
reflecting the degree of activity ( Santer, Greer Walker, Emerson and 
Witthames, 1983; Tota, 1983). Species that have only spongy 
myocardium are generally less active, and do not require the 
increased blood output and pressure provided by compact myocardium. 
It is apparent from available literature that the structure of the heart 
of teleost fish has been classified extensively and has a direct effect 
on a fish's respiratory capability (e.g. Tota, 1983). It is important 
therefore in any study of respiratory capacity to review the 
195 
development of the heart ventricular myocardium and its ability to 
pump blood around the body. Any changes in the heart myocardium 
(especially ventricular myocardium) during development must be 
considered when assessing respiratory capacity. However 1 little work 
on the development of the ventricular myocardium during the early life 
of the fish has been done. The pres,ence of a compact myocardium in 
the ventricle has been identified in 0. my kiss adults ( Gannon & 
Burnstock 1 1969; Santer 1 1974) In a recent paper Kitoh and Oguri 
( 1985) 1 have shown that in Q..:_ my kiss yolk-sac larvae and small fry 1 
the ventricle has no compact myocardium. The fry were approximately 
25 mm long when the heart started to develop the cortical shell of 
compact myocardium surrounding the ventricle. This change was 
thought to reflect a change in the food source or swimming behaviour 
of the fish. No compact layer has been found in ventricular 
myocardium of adult S. maxim us ( Santer et al. 1 1980). The 
development of the heart in this species undergoes less dramatic 
changes in development as the fish grows. 
The rate of heart development has been measured during the growth 
of fishes 1 a change in the scaling factor during growth has been 
shown to occur (Poupa 1 Gesser 1 Jonsson and Sullivan 1 1974). This 
change was thought to reflect a change in the work done by the heart 
reflecting changes in the life history of the fish. In a more recent 
study 1 the mean heart weight in relation to fish size has been 
studied 1 suggesting a relationship between heart size and the 
environment the fish lives in 1 the main factor being the incidence of 
sporadic environmental hypoxia ( Gehrke 1 1988) . 
The presence of embryonic and foetal haemoglobins has been well 
documented in mammals. The occurrence of these early haemoglobins 
and their subsequent succession in cyclostome 1 teleost and 
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elasmobranch development has also been shown in some species (e.g. 
Adinolfi & Chieffi 1 1958; Manwell, 1958; Manwell, 1957, Wilkins, 1963; 
Vanstone et al. 1 1964; Wilkins & Iles 1 1966; Iuchi et al, 1975; Weber 
and Hartvig, 1984; Hartvig and Weber, 1984) . The succession of 
different haemoglobin types has been shown to occur not only during 
larval development but also when the fish is undergoing changes in its 
physiology or environment. An example of this is found in salmonids 
which undergo such a succession later in life during smoltification 
(Koch et al., 1964). This change in haemoglobin types during 
development generally reflects a change in the physiological conditions 
the haemoglobin will be subject to 1 and so a more suitable haemoglobin 
type succeeds the previous larval haemoglobins. 
The occurrence of larval haemoglobins in larval salmonids has been 
studied by Iuchi, 1985; Iuchi, Suzuki and Yamagami, 1975. The larval 
haemoglobin is characterised by a higher 02 affinity at neutral pH; 
less Bohr shift and a higher pH tolerance. However, considering the 
experiments conducted by Holeton, (1975) · and Iuchi, (1985) which 
reduced the blood's 02 carrying capacity with no apparent ill effects 
to the larvae, the benefit of this extra scope for oxygen assimilation 
has not yet been clearly defined. By monitoring the erythrocyte 
populations present in 0. my kiss changes in the proportions of the 
haemoglobin types can be linked to changes in the development of 
respiratory regulation and any changes in respiratory demand of the 
fish. 
~ mykiss has an extended period of endogenous feeding like most 
salmonids. The yolk-sac providing this source of nutrition is large 
and well vascularised. A number of workers ( Holeton, 1971; McDonald 
and McMahon, 1977) have proposed it as a site of gaseous exchange 
during early development. However, little analysis has been done on 
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the actual structure of the yolk-sac, the vitelline vasculature or the 
vitelline syncytium in an attempt to determine the extent of its role in 
the early gaseous exchange in these larvae. A review by Heming and 
Buddington ( 1988) gives a summary of tissue organisation in the yolk-
sac of teleost fishes . . Yamada ( 1959) gives a descriptive account of the 
yolk-sac syncytium of Oncorhynchus keta and Q..:_ mykiss alevins and 
changes which occur in the structure during development. However, 
the emphasis in this study was mainly changes in relation to the 
absorption of the yolk, rather than any respiratory function the 
structure might have. The vasculature present in the syncytium often 
lacked any form of endothelium, especially at sites of yolk absorption 
so the description of this vasculature as veins implying permanent 
enclosed vasculature is misleading. The vasculature of the yolk sac 
would be better described as blood channels. Shen and Leather land 
(1978) described the yolk-sac epithelium of Q..:_ mykiss in relation to 
osmoregulatory function. The ultra-structure of the yolk syncytium 
has also been studied in Sebastes schlegeli embryos by Shimuzi and 
Yamada (1980) 
Determination of the role an area is likely to have in gaseous 
exchange tends to rely on the morphological and physiological 
characteristics of the area or structure. Determination of the actual 
surface area gives an estimate of the potential of the surface for 
gaseous exchange, and this has been estimated for 0. my kiss in 
Chapter 2 . This is not, however, the only parameter likely to be 
important in the ability for gaseous exchange. From Fick's Law of 
Diffusion the other factors are likely to be the degree of 
vascularisation and blood flow (which will maintain a favourable 
concentration gradient) and the diffusion distance of the oxygen from 
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water to blood. This has been extensively investigated in fish gills 
(see review by Hughes, 1984a). 
The distance for diffusion in cutaneous gas exchange for larval fish has 
been shown to be sufficiently small ( 1. 7pm in the finfold of Sardinops 
caerislea (Lasker, 1962) for effective exchange (Lasker, 1962; Roberts 
et al 1973; Liem, 1981; Webb and Brett, 1972). Little work has been 
done on the yolk-sac structure in relation to gaseous exchange. To be 
able to make any realistic estimates of the role these surfaces have in 
the early gas exchange of larval fish, some analysis of the degree of 
vascularisation and estimates of diffusion distances must be made in 
order to determine the functional surface area for gaseous exchange. 
This information will allow a much better estimate of the viability of this 
surface as a site for gaseous exchange. This has been estimated for 
adult teleost fish gills in the past ( Hughes, 1966), and found to be 
between 60-70% of the total surface area. 
S. maximus larvae have no respiratory pigment on hatching. They, like 
most pelagic fish larvae appear to rely on passive diffusion of gases 
into their bodies for respiration. In the previous chapter the importance 
of the body and fins as a respiratory surface has been investigated by 
the measurement of the area of these surfaces. The significance of 
these areas as sites of gaseous exchange must depend on their 
structural nature and the diffusion distances involved for each surface 
as well as any changes which might occur during development. 
The importance of the surface structure of the epithelium has also 
been implicated in a respiratory role, the heavily sculptured surface 
of the epidermis has been suggested as an adaptation to increase the 
respiratory surface area ( Boulekbache & Devillers, 1977). This 
sculturing has been termed "microridges" and have been shown to 
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occur to in both the gill and skin epidermis with some variation in the 
nature of the "microridges" (Hughes, 1979). The level and type of 
microridges has been investigated using either transition or scanning 
electron microscopy. 
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METHODS 
Vascularisation 
To determine the degree of vascularisation of the yolk-sac of Q:_ 
mykiss a method of visualising the blood vessels over the yolk-sac had 
to be found. Although the blood cells within the channels gave some 
indication, small vessels with little flow were difficult to detect. On 
treatment for histological analysis these blood cells often move or lose 
a significant amount of colour, thereby reducing any contrast they 
might give to allow detection. A method was therefore devised to 
visualise all blood channels that had blood flowing through them. 
Yolk-sac Vascular Analysis 
Black Rotring ink was mixed in a 1:2 ratio with a modified Cortland's 
saline (See Appendix C). This mixture produced a sufficiently low 
viscosity for easy passage through the blood vessels of the fish 
analysed. A lower level of ink in the mixture gave poor visualisation 
of the blood vessels. A higher level of ink increased the viscosity of 
the solution such that the liquid had to be forced into the fish, often 
rupturing the fragile vessel walls and obscuring the surface of the 
yolk sac. 
To inject the ink solution into the fish, heparinised glass capillary 
tubes were drawn out by heating the glass. This technique produced 
very fine glass needles capable of delivering the ink into the caudal 
vein. The non-drawn end was attached to a catheter tube to allow 
easy handling. A few microlitres of the ink mixture were drawn up 
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into the capillary tube by capillary action. The end of the needle was 
then cleaned off with a lens tissue to remove excess ink and was then 
ready for the injection procedure. 
Fish to be injected were removed from the culture tank, a sharp blow 
to the head was delivered to kill the specimen, it was then placed on 
a filter paper previously impregnatea with saline solution, the Total 
Length was then determined with Vernier ~allipers. The fish and 
paper were then placed under a Kiowa binocular dissecting 
microscope. Using the microscope the heart was checked to determine 
if it was still beating and no ruptures had occurred in any blood 
vessels in the body. The lower body trunk was then severed using a 
sharp scalpel just posterior to the anal vent, the glass needle then 
inserted into the caudal vein. Ink flowed out of the needle into the 
vasculature under a slight head of the ink volume in the glass needle. 
The vasculature over the yolk-sac was observed as the ink solution 
flowed through the blood channels, when the ink solution was present 
in all the blood channels the body trunk was then ligatured with 
cotton thread, the glass needle was removed and the specimen was 
then placed in formal saline fixative. During the injection process the 
blood flow from the severed body trunk was monitored to ensure it 
was not interrupted, if blood stopped flowing out of the caudal artery 
back pressure through the vascular system was likely and may have 
caused vessel expansion. 
The specimens were fixed for 24 hours at 60 C, then washed in 
normal Cortland saline. The yolk-sac was then removed from the body 
and the yolk-sac epithelium and attached syncytium removed from the 
yolk mass, which hardens during fixation. Cuts were then made in the 
structure to allow it to be flattened easily later without stretching of 
202 
the structure. The epithelium and syncytium were then dehydrated 
progressively in ethanol; cleared in chloroform and mounted on a glass 
slide. After this process was completed the ink filled blood channels 
were still clearly visible over the yolk-sac. 
Analysis of the blood channels on the yolk sac was carried out using 
a Cambridge image analysis system. ' Each yolk-sac was analysed for 
the proportion of the surface occupied by blood channels. 
Yolk-sac Epithelium: Histological Analysis 
To determine the diffusion distances for the water/ blood pathway in 
the yolk-sac of ~ mykiss measurements of the thickness of the 
epithelium surrounding the yolk-sac syncytium were undertaken. Yolk-
sac fry were removed from the holding facility killed by a sharp blow 
to the head and their Total Length measured. They were then placed 
in Formal saline and fixed for 24 hours at 60C. After fixation the 
yolk-sac epithelium was teased free of the yolk mass, and the pellet of 
yolk protein removed. The specimen was then dehydrated in alcohol, 
oriented and embedded in methacrylate resin (all histological regimes 
are summarised in Appendix C). Sections (1 - 2 micron) for light 
microscopy were cut using an LKB ultratome, these were then stained 
using methylene blue and toluidine blue. Care was taken to cut 
sections as perpendicular to the sample as possible. 
Using an eyepiece graticule and a suitable magnification the distance 
from the surface of the epithelium to the nearest erythrocyte was 
measured and recorded. This was repeated for at least 10 blood 
channels per section. The blood vessels were also selected over the 
whole section to give a representative estimate for each section. 
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Scophthalmus maximus 
By using histological techniques 1 the distances involved in 
respiratory diffusion can be estimated by simply measuring the 
thickness of the skin epithelial layers in these areas 1 and so provide 
information regarding the likely barrier they represent to diffusion of 
oxygen to the internal tissues which are likely to have a high 
respiratory demand. 
Cutaneous Epithelium: Histological Analysis 
The same histological method for ~ maximus fry was used to prepare 
specimens for epithelial analysis as was used for .Q..:_ my kiss. Samples 
of larger animals were used rather than the whole animal which was 
only possible for the smallest fry. This was because of the excessive 
time necessary for resin impregnation for large specimens and large 
specimens were also too large to get good uniform sections. 
10 specimens were randomly selected at 5 time intervals during the 
early life history of the fish. 5 points equi-distant along the whole 
length of the fish were sectioned. 5 measurements of the body and 
finfold/ fin were made 1 these measurements were made randomly over 
the whole section. For the smallest larvae the thickness of the yolk-
sac epidermis was also made. The results for each fish were then 
combined and an average for the different areas was calculated. 
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Cutaneous Epithelium: Surface Analysis 
By examining the external surface of the epithelium any structural 
adaptations may be detected. An analysis of the external surface of 
both species was carried out using S. E. M. Specimens at various 
developmental stages were analysed using the S. E. M. . The 
' 
ultrastructure of the surface epidermis was observed. 
Scanning Electron Microscope Analysis. 
Specimens were fixed in 0.1% Glutaraldehyde in 0. 2M phosphate 
buffer, pH 6. 9 for 12 hours. Once the fixation had been carried out 
the specimens were washed thoroughly and post-fixed in 2% osmium 
tetroxide. The specimens were then serially dehydrated in 10% steps 
to 100%, then serially saturated in amyl acetate. Once fully saturated 
in amyl acetate the specimens were critical point dried and gold coated 
in preparation for observation using S. E. M. . Analysis of the prepared 
samples was done using a Philips scanning electron microscope. 
Analysis of Blood Cells 
Iuchi and Yamamoto (1983) showed that the shift in haemoglobin types 
in 0. mykiss was related to the replacement of "larval" erythrocytes . 
The larval erythrocytes can be easily identified by size, they are 
much larger and rounder than adult type erythrocytes (Iuchi, 1973a). 
Using this information blood samples from fry were regularly taken 
and the ratios of larval/ adult erythrocytes determined. 
Specimens were captured, killed with a sharp blow to the head, then 
transferred from the rearing tank to a petri dish containing a chilled, 
modified Cortland saline (replacing calcium with sodium citrate). This 
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modified saline allowed the collection of erythrocytes without rapid 
clotting of the blood occurring. The Total Length of the fish was 
measured and then the body trunk was cut cleanly with a scalpel, the 
blood flowed freely into the saline and a Pasteur pipette was used to 
collect a small sample of the blood. The blood was then transferred to 
a well slide and placed on a microscope stage. This process was 
carried out quickly to avoid the saline warming up and evaporation 
causing a change in the osmotic pressure of the saline on the 
erythrocytes. Concentration of the saline (by evaporation) caused 
deformation of the erythrocytes and made identification difficult. 
Once the blood cells had settled on the slide they were photographed 
using an Olympus Vanox photo microscope with a contrast phase 
condenser at a suitable magnification. This setting allowed high 
contrast to be achieved and made identification easier. Three blood 
samples for each fish were checked under the microscope and the 
number of each cell type counted. The blood cells in an area of 
approximately 2-4mm2 were counted depending on the density of the 
blood cells. The resulting photomicrographs were then analysed later 
and ratios of the erythrocyte types determined for each fish using 
both the photomicrographs and the visual count made initially. 
Identification of erythrocyte types was done visually from types 
identified by Iuchi, ( 1973a). 
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RESULTS 
Vascularisation 
0. mykiss 
As has been previously stated the prepared material was analysed 
using a Cambridge Image Analysis System. The proportion of the yolk-
sac surface occupied by the vitelline vasculature was estimated by 
calculating the area occupied by the ink within the vasculature. This 
was possible by a simple contrast analysis of the tissue, because of the 
high contrast produced by the presence of the ink a high degree of 
accuracy was obtained. The total area occupied by the ink was then 
calculated as a proportion of the total image viewed. This therefore 1 
gave an estimate of the area occupied by the vasculature. A fixed 
magnification of 100 was used 1 this fixed the proportional size of the 
vasculature and gave better accuracy. 
The initial analysis found that the degree of vascularisation varied over 
the surface depending on location. To compensate for this 10 pre-
determined sites on the yolk-sac were selected for analysis. Four sites 
on the left hand side; four sites on the right hand side and one site at 
the anterior and posterior end of the yolk-sac were selected. The sites 
on the left hand side were selected around the Duct of Cuvier avoiding 
its inclusion in the sampling. 
Figure 66 shows the yolk-sac of the alevin once the ink mixture had 
been injected. The vitelline vasculature is clearly visible and the high 
degree of contrast produced is well illustrated. This photograph was 
taken prior to fixation 1 there was minimal loss of this contrast after 
these procedures had been completed allowing good contrast for 
analysis. 
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Five specimens were prepared at 6 fixed periods during the 
development of the alevin 1 these were as follows:- Day 0 (just 
hatched); Day 2; Day 5: Day 8; Day 15 and Day 19. After this period 
the yolk-sac, although not completely absorbed had very little 
vasculature that was not covered by a thick epidermal layer or 
developing myotomes. This vasculature is not likely to be taking part in 
.... 
cutaneous gaseous exchange because of the diffusion distances present. 
Generally 1 the level of vascularisation was found to be higher in the 
dorsal region of the yolk-sac. By consistant selection of the 
measurement sites throughout the study the variation due to this was 
compensated for 1 allowing comparison between fish. 
The values obtained in the analysis for each fish are tabulated in 
Appendix C. Table 26 shows a summary of the changes in the vitelline 
vasculature that occurred during the development of the alevin and the 
variation for each group of fish and the mean variation in the 
vasculature for each individual fish. 
Table 26 The Proportion of Vasculature Occupying the Surface of the 
Yolk Sac of 0. mykiss in Relation to ~ Length and Estimated Weight. 
Age of Number Mean Total 1 Mean I Mean I Mean 
the Fish of Fish Length Estimated Vascularisation Individual 
(post Sampled (mm)± Weight ± Standard Vasculature 
hatch) Standard I (mg) ± Deviation Variation 
I Deviation I Standard for Fish± Deviation Standard 
Deviation 
0 
1 10 [ 14.93±0.303 1 17.9±1.27 39.787±1.846 5.711±0.962 2 10 16.92±0.491 27.8±2.9 44.0±2.22 4.578±1.01 
5 10 18.75±0.477 39.9±3.6 41.39±1.74 5 .475±1.09 
8 1- 10 19. 78±0.468 ~ 4~2±3.9 I 39. 74±1. 982 4.975±0.684 
~ 
15 10 21. 45±0. 672 64.1±6.8 1 39. 382±1. 728 4.53±0.861 
19 10 23.06±0.586 82.6±7.3 27.942±2.485 4.977±0 . 69 
--
Figure 67 shows the changes that occur to the vitelline vasculature with 
time. The bars show the standard deviation for each group. Figure 68 
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shows the mean proportion of vascularisation for each fish in relation to 
the Total Length . Figure 69 shows the same data in relation to the 
estimated Wet Weight (This is the weight of metabolic tissue and 
excludes the weight of the yolk-sac. ) . The Wet Weight of the specimens 
could not be determined until after fixation, it was therefore estimated 
for each fish using the Total Length and weight - length relationship 
determined in Chapter 2 . 
The individual yolk-sac was measured in 10 locations to determine the 
mean proportion of vascularisation shown in Figures 68 and 69. The 
variation in these measurements for each yolk-sac has been estimated by 
averaging the standard deviations of these readings for each yolk-sac. 
The results of this analysis are tabulated in Appendix C, however a 
summary is shown in Table 26. A plot of these results in relation to the 
age of the fish is shown in Figure 70 and Figure 71 and 72 show this 
data in relation to Total Length and Wet Weight respectively. 
From the graphs there is a significant increase increase in the level of 
vascularisation of the yolk-sac between day 0 and day 2. After this 
period there was a slight decrease in the level of vasculature over the 
lifespan of the yolk-sac, however, this remained insignificant until day 
19. From the individual variation values shown in Table 26 it is 
apparent that there is a relatively high level of variation in the 
vasculature for each individual. Statistical analysis of this data using 
one way AN OVA shows no significant difference ( p=O. 01) between the 
time intervals in individual Standard Deviation. However, using the 
same statistical analysis, there is a significant difference ( p=O . 001) in 
the mean vasculature proportions with time, specifically for days 2, 5 
and 19 (see Fig . 67). 
209 
Yolk-sac Epithelium Analysis 
Five transverse sections from each embedded yolk-sac were analysed. 
Each of the five sections were taken from approximately the same place 
with the yolk-sac length being sectioned equi-distant in relation to its 
total length along the major axis. This gave an estimate of the average 
minimum diffusion distance of the overall yolk-sac epidermis. The 
results for each section was combined and the mean calculated for each 
specimen. These results have been collated and tabulated in Appendix 
C. A summary of these results are shown in Table 27. 
Table 27. Mean Minimum Diffusion Distances for ~ mykiss Vitelline 
Vasculature to the Epidermis Surface in relation to Time and Size. 
Age of Number I Mean Total I Mean Mean Mean Individual 
the Fish of Fish Length 1 Estimated Diffusion Diffusion 
(post Sampled , (mm) ± Weight Distance Distance 
hatch) I Standard (mg) ± (pm) ± Variation 
Deviation Standard Standard I forFish± 
I Deviation Deviation j Standard 
I Deviation 
0 I 10 15.17±0.72}l 19.1±3.4 13.79±1.165 1 2. 95±0 . 55 
2 10 16.47±0.499 25.3±2.7 14.72±0.993 3.22±0.57 
5 10 18.70±0.41 39.5±3.0 21.05±0.960 5.59±0.96 
8 10 19.39±0.50 44.9±4.1 26.39±4.652 f 11.86±2.90 
-15 I 10 J 21. 39±0 . 98 J 63. 7±9.8 28.50±5.862 , 8.69±1.63 
19 10 22.45±0.51 75.1±5.9 35.17±14.591 10.0±1.41 
Figure 73 shows the relationship between mean estimated minimum 
diffusion distance and the age (days post hatch) of the alevin. Figure 
74 shows the individual mean minimum diffusion distance in relation to 
the Total Length of the alevin. Figure 75 shows the same relationship in 
relation to Wet Weight. 
From the graphs there is an apparent increase in the mean minimum 
diffusion distance as the alevin gets older and grows. Statistical 
analysis of the data using one way AN OVA is shown in Appendix C. 
From this analysis there is a significant difference ( p <O. 01) in the 
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diffusion distance after day 5, also day 8 (from day 5) and day 19 
(from day 15) . The level of variation in the mean measured distances 
also increases noticably with age and size. Statistical analysis of this 
data shows a significant difference (p<0.01) in the mean standard 
deviation of individuals diffusion distance after day 5. This suggests a 
non uniform change in the diffusion distance over the yolk-sac surface . 
Figures 76a-d shows a series of photomicrographs of transverse sections 
through the yolk-sac and its surface structure for alevins of different 
ages. From these it is apparent that there is a general thickening of 
the surface epidermis of the yolk-sac and in the older alevins a 
migration of body-wall myotomes between the epidermis and the vitelline 
vasculature . 
Scophthalmus maximus 
The results of this analysis is tabulated in Appendix C. A summary of 
the analysis of these results is shown in Table 28. 
Table 28. A Summary of the Epidermis Analysis of S. maxim us During 
Development (see Figs. 77-82) . A Significant Difference between Finfold 
and Body E:eithelium is Indicated ~ ~ ±_ symbol . 
Age of Number Mean Total Mean Weight Mean I Mean Sig 
the of Fish Length ( llg) ± Finfold/ Body 
Fish Sampled (mm) ± Standard Fin Diffusion Dif. 
(post Standard Deviation Diffusion Distance 
hatch) Deviation Distance (l!m) ± 
(mm) (l!m) Standard 
±Standard Deviation 
Deviation 
-
2 10 3 . 00±0.12 300±300 1.90±0.18 2. 87±0.36 + 
10 10 5.40±0.32 1900±410 2 . 62±0.41 4 . 16±0 . 65 + 
16 10 8 . 48±0.28 10695±1177 7.87±0.71 10.48±1.08 + 
24 10 , 13.99±1.07 46170±9902 14.19±0.87 14.86±1.53 
35 10 24.24±2.06 221980±53738 1 22. 88±2. o6 T 23. o7±2. 10 
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The data for epidermal thickness was statistically analysed using 
Student's T Test. A comparison was made between the epidermis of the 
finfold and the body. A highly significant difference ( p<O. 001) between 
the two sites was found up until day 16 after which there was no 
significant difference in the epidermis of the two sites. 
Figure 77 shows the change in mean body dermal thickness with the age 
of the larvae (days post hatch) . Figure 78 shows the same relationship 
• for the mean finfold/fin dermal thickness. Figure 79 shows the 
relationship between mean individual body dermal thickness against 
Total Length, whilst Figure 80 shows this relationship in relation to Wet 
Weight. Figures 81 and 82 show the change in mean individual dermal 
finfold/fin thickness in relation to Total Length and Wet Weight 
respectively. These graphs show that as the fish develops the epidermis 
of the fish develops and thickens with time and size. Figures 83a-f 
shows a series of micrographs of transverse sections of S. maximus 
larvae at different stages of development. They illustrate the change in 
the dermal layers of these fish. 
Scanning Electron Microscope ( S. E. M. ) Analysis 
0. mykiss 
Electron micrographs of this analysis are shown in Figures 84a-j. The 
analysis showed the presence of microridges over the body and yolk-sac 
similar to those described by Depeche ( 1973) on the yolk-sac of Poecilia 
reticulata embryos. From the analysis there was no apparent variation 
in the presence or size of the microridges or microvilli on the surface 
of the epidermis. Mucus cells can be clearly seen at the junctions of the 
squamous epithelium (M indicates a mucus cell). 
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S. maximus 
Specimens at the previously analysed stages of development were 
analysed using the S. E. M. . A series of electron micrographs of this 
analysis are shown in Figure 85a-i. From this series it is apparent that 
changes occur in the ultrastructure of the surface of the epidermis. 
The earliest larvae studied have no microridges on the surface of their 
epidermis 1 however 1 as development progresses the typical epidermal 
microridges start to appear 1 the largest and most developed specimen 
apparently having a normal epidermal ultrastructure. 
Blood Cell Analysis 
The analysis of erythrocyte types and proportions was carried out at 7 
intervals over the period of development from hatching to "swim up". 30 
fish were analysed and the mean proportion of larval erythrocytes 
calculated for each fish. These averages were then used to determine a 
mean figure for each stage in the sampling program. These results were 
collated and are tabulated in Appendix C. A summary of these results 
is shown in Table 29 
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Table 29. A Summary of the Analysis of the Erythrocyte Population 
Present During the Development of 0. mykiss (see Figs. 86-88). 
Age of Number I Mean Total 1 Mean I Mean Larval 
the Fish of Fish Length Estimated Erythrocyte 
(post Sampled (mm) ± Weight Proportion (%) 
hatch) Standard (mg)± ± Standard 
Deviation Standard Deviation 
Deviation 
--
- - ~14.62±0.524-1--0 30 16.67±0.45 91. 67±2. 893 
- - - - -2 30 16.51±0.449 25.5±2.46 78.89±4.710 
----
1 18.6±0.481 
-5 30 38.7±3.52 58.63±4.970 
-8 30 ~1· 03±3. 56_ 34.67±5.375 - 19.~9±0.41.[ 
-15 30 t 21. 28±0. 77 62.5±7.72 17.23±3.39 
--19 30 22.37±0.53 74.15±6.13 9.89±3.62 
-- - -23 30 23.55±0.50 88.83±6.63 1.433±1.256 
Figure 86 shows the change in the mean proportion of larval 
erythrocytes with the age of the fish (age post hatch) , the bars show 
the standard deviation for each sample. Figures 87 and 88 show the 
individual mean proportion of larval erythrocytes in relation to the Total 
Length and Wet Weight respectively, for the larvae. 
From the graphs a gradual reduction in the proportion of larval 
erythrocytes occurs as the fish develops, this reduction continues until 
there are no larval erythrocytes present at around 26 days post hatch 
or 24-25mm Total Length. A one way ANOVA analysis for the time 
intervals shows a significant decline (p<0.01) in the larval erythrocytes 
with time (See Appendix C for statistical analysis) . This is 
approximately the time when the alevins are fully mobile and swimming 
constantly. 
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DISCUSSION 
Vascularisation 
Oncorhynchus mykiss 
The analysis of the vascularisation of the yolk-sac shows a high 
proportion of the surface is directly covered by blood channels. The 
proportion for the majority of the yolk-sac life span is in the region of 
35 to 40 percent . This compares to 60 to 70 percent for the secondary 
lamellae of adult fish (Hughes 1 1966). Determination of the degree of 
vascularisation gives an estimate of the functional surface area of the 
yolk-sac which is involved in cutaneous respiration. The significance of 
the high level of vascularisation is likely to be linked to both the 
absorption of the yolk-sac itself 1 as well as any respiratory function. 
Comparisons can be drawn with the extensive vascularisation of 
amphibian skin. Burggren & Mwalukoma (1983) measured the capillary 
density in the skin of adult and larval bullfrogs (Ran a catesbeiana) by 
determining the number of capillary meshes per unit area of the skin. 
The skin of these animals was found to be heavily vascularised and is 
thought to be responsible for up to 90% of the gaseous exchange of 
these animals under certain conditions ( Burggren & Pinder 1 1991). The 
yolk-sac area is the most heavily vascularised area of the fish second 
only to the gills and liver and is by far the largest of these. The 
transit time for blood in the yolk-sac is likely to be much higher than 
in the gills because of the large size of the yolk-sac. This will aid the 
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uptake of oxygen at the yolk-sac allowing longer for diffusion of 
oxygen to take place. The transit time in the gills will be short because 
the gills receive the blood directly after leaving the heart. 
The lack of buccal ventilation of the branchial chamber during early 
larval development and the underdeveloped nature of the gills would 
suggest that the yolk-sac during this period is at least as, if not more, 
efficient at gaseous exchange. The water flow generated by the beating 
of the pectoral fins has been found to maintain some ventilation of the 
buccal cavity (Peter son, 1975) , however it also ventilates the dorsal 
yolk-sac area in salmonids. This ·water flow is therefore passing over 
the most vascularised area of the yolk-sac of these fish. The blood 
supply to the yolk-sac is systemic blood which has passed through the 
liver and body musculature before entering the yolk-sac. This would 
give a high diffusion gradient for the uptake of oxygen which could be 
maintained by the continual replacement of the blood. The blood then 
leaves the yolk-sac by the Duct of Cuvier and passes into the heart 
where it is pumped to the gills. Any oxygenation of the blood during 
its passage through the yolk-sac will lead to a reduced diffusion 
gradient at the gills. The whole system is acting as a counter current 
exchanger in a similar manner to that described for Monopterus albus 
larvae (Liem, 1981). The blood in the yolk-sac flows towards the 
pectoral fins as it leaves by the duct of Cuvier, which is where the 
current induced by the pectoral fins is generated. The moderate 
physiological hypoxia induced by ablation of the pectoral fins (Peterson, 
1975) would be a direct result of the loss of this water flow and the 
increase in boundary layer formation over the yolk-sac as well as the 
lack of branchial ventilation. 
The level of vascularisation remains relatively constant for the duration 
of the life of the yolk-sac (see Fig. 67). There is a significant increase 
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in the level of vascularisation from day 0 to day 2. This initial increase 
could be accounted for by the increase in cardiac output identified for 
Q..:_ mykiss larvae by Holeton ( 1971) and also by Morgan ( 1971) during 
this stage of development. This would indicate that the vascular 
innervation over the yolk-sac is dependant on cardiac output over this 
period. There is a rapid decline in the level of vascularisation at 
approximately 21.5 mm in length or 65 mg wet weight of the larvae (see 
Figs. 67-69) . This is towards the end of the life span of the yolk-sac. 
The rapid decline is not likely to be directly related to the cardiac 
output as there is no significant change in the cardiac output over this 
period ( Holeton, 1971) . If this decline is compared to the rate of 
change in the yolk-sac surface area, both of these factors undergo a 
rapid decline at the same time. It is likely that · the yolk-sac surface 
area and the proportion of this which is vascularised are reduced. Any 
respiratory function the yolk-sac has during this transformation will be 
severely reduced. 
The method of analysis gave consistent results throughout the period of 
measurement. The analysis of variance of the level of vascularisation 
between samples and fish within the samples is consistent throughout 
the study which suggests that the analysis gave a representative 
indication of overall changes for the yolk-sac vasculature. This also 
suggests that the variation in the level of vasculature observed over 
the yolk-sac is fixed to location rather than temporary differences in 
the dilation of these vessels . 
The consistency of the level of vascularisation over the majority of the 
life span of the yolk-sac would suggest a continuous change in the 
vasculature as the yolk-sac is reducing in size over this time period. If 
the blood channels remained unchanged then the density of these blood 
channels would increase in density as the yolk volume shrank. 
217 
The reduced level of vascularisation towards the end of the life span of 
the yolk-sac would delay the rate of utilisation of the yolk material 
which would explain the reduced rate of removal with respect to time 
which occurs. This may also explain the reduced utilisation efficiency 
with reduced rates of transport of the yolk material. This may be 
explained by increased levels of utilisation of yolk material by the yolk-
sac syncytium for metabolic purposes 1 thereby reducing any utilisation 
by the body of the fish. 
Yolk-sac Epithelium Analysis 
Analysis of the diffusion distances for oxygen across the yolk-sac 
epithelium show that for the just hatched larvae the minimum diffusion 
distance is approximately 15 ].lm from the surface to the nearest 
erythrocyte. This value is well within the minimum distance suggested 
for cutaneous respiration to occur efficiently. In amphibians the skin is 
not normally thinner than 20 ].lm thick and these animals use cutaneous 
respiration to provide up to 90 % of their metabolic oxygen demand 
( Feder & Burggren 1 1985). The distances involved for diffusion of 
oxygen across the yolk-sac epithelium are well below this figure and so 
the yolk-sac is likely to be an efficient surface for cutaneous gaseous 
exchange. Comparison with data from other published work shows 
similar distances. Liem ( 1981) found a blood water barrier of 8 to 15].lm 
in the yolk-sac of Monopterus albus larvae. Comparison of the data with 
the gills shows the diffusion distance in the gill lamellae is relatively 
high immediately post hatch at ll].lm (Morgan 1 1974b) 1 this suggests 
that the cutaneous respiration role of the yolk-sac is highly significant 
during the early development of the larvae. 
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During sectioning of the yolk-sac epithelium and syncytium the sample 
was oriented to allow perpendicular sections to be taken. Over 
estimation of the thickness may occur if the sample is not kept 
perpendicular, this form of over-estimation is termed Holmes effect. 
However, Holmes effect is proportional to the thickness of the section, 
because semi thin resin sections were , used in this analysis this effect 
was kept to a minimum and therefore the estimates of diffusion distances 
are likely to be accurate within the limits possible in this form of 
study. 
For efficient cutaneous respiration any boundary layers around the 
yolk-sac must be disrupted, to allow continuous replacement of the 
oxygen at the skin surface. This is likely to occur in Q.:_ my kiss by the 
continuous beating of the pectoral fins which would generate a ·water 
current over the dorsal yolk-sac surface. The other main barrier to 
oxygen uptake would be the presence of mucus on the surface of the 
yolk-sac. Fish mucus has been observed to have lower conduction 
values than water (Ultsch & Gros, 1979). Mucus is present to reduce 
any abrasion of the yolk-sac by the rearing substrate. The levels of 
mucus overlying the yolk-sac are generally small except under stress. 
The current generated by the pectoral fins would also keep this to a 
minimum. It seems likely from the evidence produced in this study that 
the yolk-sac for these larvae will act as an efficient cutaneous 
respiratory organ. 
The thickness of the epithelium changes with development, undergoing 
an increase in mean thickness from approximately 19 mm in length or 40 
mg wet weight. The increase in thickness is still within the range for 
cutaneous respiration at this point, though, the efficiency of diffusion 
will be reduced. Analysis of the level of variation in the measurements 
over the whole yolk-sac also show an increase. This suggests an 
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unequal rate of epithelium thickening over the yolk-sac 1 from the 
histological analysis there is a noticeable increase in the yolk-sac 
epithelium thickness which starts on the dorsal side and migrates down. 
This non-uniform thickening of the epithelium leads to the increasing 
levels of variation in the analysis of the diffusion distance. Towards the 
end of the yolk-sac life span there is ~so an encroachment of body wall 
musculature which develops over the vasculature further increasing the 
diffusion distance. 
The thickening of the epithelium during the development of the yolk-sac 
may be an adaptation to the increase in the activity of the larvae as it 
develops. If the yolk-sac wall remains thin it increases the chance of 
rupture through abrasion or collision 1 however 1 by thickening the 
epithelium it reduces this risk as the activity of the larvae increases. 
Scophthalmus maximus 
The smallest larvae still show the presence of a sub-dermal space 
around the body and fins. The analysis of epithelial thickness for ~ 
maximus shows a contrast between the finfold epithelium and the body 
epithelium. The body epithelium is significantly thicker until 24 days 
post hatch for the larvae. However 1 the epithelium thickness for all the 
fish analysed was below 30 pm which suggests that cutaneous 
respiration is still possible and likely to contribute significantly to the 
total gaseous exchange for the largest fish analysed. The presence of 
hyaline plates is also apparent as the body epithelium thickens in ~ 
maxim us. This has also been shown to occur in S. caerulea by Lasker & 
Thread gold ( 1968) and also in C. harengus Jones et al. ( 1966) . 
Diffusion distances for S. maximus are relatively difficult to quantify 
due to the lack of vascularisation during early development. The lack of 
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erythrocytes in the smallest larvae makes vascular identification 
difficult. 
Comparison with other pelagic species shows similarities with the data 
for §..:_ maxim us. Lasker ( 1962) found a similar difference in the skin of 
Sardinops caerulea, with the finfold having a reduced thickness 
compared to the body. No mucus cells' are present in the first feeding 
larvae, however "chloride cells" are visible on the surface of the body 
epithelium (see fig. 83d) as has been found for other marine larvae 
(e.g. Lasker & Threadgold, 1968; Roberts et al., 1973). Epithelial 
thicknesses for the skin of larval pelagic fish appear to be in a similar 
range from the available published work (e.g. Lasker, 1962; Jones et 
al., 1966; Roberts et al., 1973; Bullock & Roberts, 1975; 0' Connell 1 
1981). The presence of subdermal layer of fluid has also been identified 
in many pelagic species e.g. Acanthopagrus schegeli 1 Lateolabrax 
japonicus 1 (Tanaka 1 1969a,b); P. platessa (Roberts et al. 1 1973); 
Engraulis mordax (0' Connell, 1981); Pagrus major (Oikawa et al. 1 
1991). This subdermal space is significantly reduced at the time of first 
feeding and is thought to be an aid to buoyancy for the larvae. 
The difference between the fin and body areas for §..:.. maximus may be 
an adaptation to increasing cutaneous diffusion. The epithelium of the 
body area develops at a relatively fast rate 1 with an increase in the 
mean thickness also occurring, however 1 the bulk of the respiring 
tissues is likely to be the muscle tissue which is situated beneath the 
dermis. Relative diffusion distances are therefore relatively low between 
the muscle tissue and the surface of the body. The early formation and 
presence of the hyaline plates underneath the epidermis of the body 
may be an adaptation to reduce osmotic loss of water in these larvae. 
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The possibility of these plates acting as an efficient respiratory barrier 
as suggested by 0' Connell ( 1981) appears slight because of its relative 
thickness. Any cutaneous gas exchange which occurs in the finfold is a 
relatively large distance away from the main site of demand. The 
reduced thickness of the epithelium of the fins and the absence of a 
hyaline layer would increase the rate- of diffusion in these areas. It 
seems more likely that any gaseous exchange which takes place will 
contribute to the local demand for oxygen at the fins. It may also 
contribute to a general increase in the oxygen availability within the 
animal. The first feeding larvae have a very poorly adapted circulation 
system and so transportation of oxygen from the fins by this system is 
highly unlikely until the circulatory system develops further. There is 
no published evidence that the liquid contained in the subdermal space 
circulates in any way so conduction of oxygen from the fins is likely to 
be limited. 
Scanning Electron Microscopy 
Oncorhynchus mykiss 
From this analysis the surface of the epithelial cells appears to be 
similar to those of the adult fish. The surface of the epithelium is 
heavily sculptured with microridges. These microridges are typical of 
squamous epithelium and are found universally over the external 
epithelium of the body of fish (Whitear, 1970; Browning & Wellings, 
1970). These microridges have been extensively investigated on the 
surface of branchial epithelium and differences in structure occur 
between filament epithelium and lamellae epithelium with the lamellae 
epithelium having structures which are better described as microvilli 
(Hughes, 1979, Hughes & Wright, 1970; Hughes & Datta Munshi, 1978; 
222 
Kendall & Dale, 1979: Kimura & Kudo, 1979; Olson & Fromm, 1973). 
There are species differences in the shape and size, however, they are 
generally 5 to 15pm in height. The function of these microridges has 
been suggested to be the creation of microturbulence 1 in investigations 
of their presence on filament epithelium (Lewis & Potter 1 1976) 
However 1 the presence of mucus on the epithelium surface is likely to 
fill the interridge spaces forming a flat surface (Hughes 1 1979; Hughes 
& Wright 1 1970;) The function of these microridges is thought more 
likely to be the retention of a thin layer of mucus over the epithelium 
surface with the larger microridges occurring in areas where there is 
likely to be greatest water flow (Hughes 1 1979). 
Scophthalmus maximus 
The S. E. M. analysis of the yolk-sac fry of ~ maxim us shows that the 
smallest larvae examined have no microridges on the surface of the 
epithelium. As development progresses the microridges develop with the 
development of the epithelium observed from the histological study. This 
lack of microridges on the epidermal surface of larval fish has been 
noted in a T. E. M. study of the epithelium of larval P. platessa 
(Roberts et al. 1 1973). The microridge structure in this species 
remained indistinct until the species were 20 days old. The body 
epidermis develops the microridges first followed by the fins. The lack 
of any microridges on the surface of the epidermis during early 
development may be an adaptation to reducing boundary layers around 
the larvae. The lack of mucus production would result in any 
microridge structure on the surface of the epithelium causing 
microturbulence. This would decrease the formation of boundary layers 
close to the surface under the low flow regimes 1 but it would also 
increase the level of frictional resistance for the fish involved in 
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movement and frictional resistance and viscosity are critically important 
in the movement of these small larvae (Weihs, 1980a, b). 
There is minimal mucus production by the epidermis in the smallest 
larvae which is likely to be an adaptation to increase cutaneous 
respiration. Mucus production starts with the development and 
thickening of the epidermis. These - fish are unlikely to encounter 
abrading surfaces in their natural habitat so the production of mucus 
for the smallest larvae would simply hinder cutaneous respiration. 
Blood Cell Analysis 
Changes in the erythrocyte population in larval and post larval fish has 
been identified for a number of species including ~ mykiss (Iuchi, 
1973a; Iuchi et al., 1975; Al-Adhami & Kunz, 1976). The formation of 
these larval erythrocytes occurs in the intermediate cell mass and the 
yolk-sac blood islands of the embryos. Increases in the number of 
systemic larval erythrocytes also occurs by mitotic division of erythroid 
cells present in the circulation system (Iuchi & Yamamoto, 1983). The 
present study shows a replacement of larval or embryonic erythrocytes 
in the blood of ~ my kiss. The rate of replacement shows the same 
pattern as that identified by Iuchi (1973a). The current study gives 
further information regarding this relationship with respect to the 
weight and length of the larvae. From this analysis there is an 
apparent rapid decline in the larval erythrocyte population mid way 
through the period of endogenous feeding. The larval erythrocytes are 
replaced with adult type and immature adult type erythrocytes (Iuchi, 
1973a). The larval erythrocytes have been shown to contain larval 
haemoglobin which has significantly different performance properties 
(Iuchi & Yamamoto, 1983). The larval haemoglobins have been shown to 
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be structurally different to adult types. The performance specifications 
are also significantly different. The larval haemoglobins are more pH 
tolerant, having a higher oxygen affinity at low pH and reduced Bohr 
. 
shift compared to adult haemoglobins. They also show no Root effect 
(Iuchi, 1973b). These properties are of significant benefit to the larvae 
during this period. The presence of these larval haemoglobins would 
increase the efficiency of cutaneous respiration during the early 
development of the larvae increasing oxygen affinity at sites of larger 
diffusion distances which are involved in cutaneous respiration. From 
the results in this study and that of Iuchi ( 1973a) the proportion of 
larval erythrocytes is high (over 90%) immediately post hatch. The 
proportion of these larval erythrocytes drops below 50 % when the 
larvae reach an approximate size of 19 mm or 40 mg. After this point 
the significance of the larval erythrocytes is likely to be reduced. The 
increased pH tolerance allows high affinity levels under reduced 
metabolic pH which is probable due to the relatively high proportion of 
anaerobic metabolism occurring during the early development of the 
larvae (Wieser & Forstner 1986). 
The development and increase in numbers of the adult and immature 
adult erythrocytes during the period of endogenous feeding is likely to 
be an adaptation to replace the larval erythrocytes with a more suitable 
haemoglobin type for the changes in the physiology of the fish. During 
the early period of endogenous feeding glycolytic metabolism is likely to 
be the major form of energy supply for burst swimming; the lactate 
production in these larvae is high and (Wieser et al. , 1985) so low pH 
tolerant haemoglobin would be an advantage to these fish. The increases 
in aerobic metabolism of the larvae and the increased metabolic 
requirement of the aerobic musculature is likely to be the main reason 
for this change. With the reduced dependence on glycolytic metabolism 
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and the increased efficiency of oxidative metabolism the pH tolerance of . 
the haemoglobin becomes less important The decrease in diffusion 
boundaries resulting from the development of the gills will reduce the 
need for haemoglobin with a high oxygen affinity. 
Using the results obtained in Chapter 2 for the surface areas of the 
two main surfaces involved in early respiratory development (i.e. yolk-
sac and gills) an estimate of the diffusion capacity can be made using 
this data and the diffusion distances. The relative diffusion capacity for 
these surfaces can be estimated by a simplified Fick's equation derived 
by Ojha and Singh ( 1987). This estimates the diffusion capacity Df by 
the following equation:-
Df = K·A/t 
where K is Krogh's Coefficient (=0.00015ml o2; min/ pmj cm2; mmHg) 
A is surface area (cm2) and t is the diffusion distance (pm). Values 
are converted into mg. 02 by multiplication by 0. 75. 
Data from Morgan ( 1974b) gives the initial diffusion distance in the 
lamellae as llpm, this reduces to ?pm during the initial period of 
development. If the assumption is made that the Krogh's Coefficient for 
the two surfaces is the same a comparison of diffusion capacity can be 
made. 
Estimates of the yolk-sac diffusion capacity for the just hatched larvae 
(approximately 20 mg. ) are around 2E-6 mg. 0 2/min/ mmHg, while the 
diffusion capacity for the gills for the same fish is around 1. SE-9 
mg . 02/ min/ mmHg. This estimate was made taking into account the level 
of vascularisation of the yolk-sac (38%) and assuming 100% of the gill 
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lamellae were vascularised. At 70 mg the diffusion capacity has changed 
to 2. sE-6 mg. 02/ rninj mmHg and lE-6 mg. 02/ rninj mmHg for the gill and 
yolk-sac respectively. 
Comparison of the diffusion capacities for the two surfaces suggests 
that the yolk-sac of the just hatched larvae is the principal respiratory 
surface. The difference in the diffusfon capacities is over a thousand 
fold larger for the yolk-sac. The diffusion gradient at the gills is also 
likely to be minimal because of the oxygenation of the blood taking 
place in the yolk-sac. The degree of vascularisation is also likely to be 
reduced with the lamellae blood channels only partially patent and 
consequently the functional surface area is likely to be reduced during 
the initial period of branchial development. 
This situation is reversed for fish in the region of 70 mg in size with 
the gill area diffusion capacity being double that of the yolk-sac. After 
this period the yolk-sac undergoes a rapid decrease in size and the 
diffusion distance increases substantially. 
Extrapolation of these results to account for the oxygen consumption of 
Q:_ mykiss at these stages is questionable because of the other surfaces 
involved in gaseous exchange and the local supply of aerobic metabolic 
demand. This comparison of diffusion capacities does allow some degree 
of ranking of the respiratory surfaces with the yolk-sac of 0. my kiss 
during these early development periods apparently providing a 
substantial proportion of the gaseous exchange for these larvae. 
From this comparison it is apparent that the gills for the smallest larvae 
are not major sites of respiration, the supply of oxygenated blood to 
the gills by the yolk-sac may result in the lack of branchial ventilation 
which occurs for a number of days after hatch in 0. mykiss, with the 
rapid development of the gills the metabolic demand involved in this 
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development would be relatively high. However, with oxygenated blood 
passing through there would be no apparent need to ventilate the gills 
initially considering the metabolic demand of sustained branchial 
ventilation. As development progresses the metabolic demand would 
increase and the efficiency of the yolk-sac is declining resulting in the 
need for regular ventilation of the gill _ tissue by the branchial pump. 
The rapid development of the gill surface area during the period of 
endogenous feeding results in a reversal of this initial situation with 
the gills providing the main diffusion capacity in fish of 70 mg or more 
when comparing the two surfaces. The difference in maximum diffusion 
capacity of gill and cutaneous surfaces for adult Mystus vittatus was 
found to be 105 times greater in the gills (Ojha & Singh, 1987). The 
extra capacity for the gills is likely to be linked to active oxygen 
consumption rates. This is for a fish species known to respire 
cutaneously (Ojha & Singh, 1987). The situation in adult Q_:,_ mykiss is 
far less with cutaneous respiration only accounting for 13% of the 
oxygen demand and this was only sufficient to provide for the metabolic 
demand of the skin epithelium. It is therefore highly unlikely that 
transcutaneous respiration occurs in adult 0. my kiss ( Kirsch & 
Nonnotte, 1977). 
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Figure 66. Photomicrographs of Ink Injected Yolk-Sac Vasculature of 
0. mykiss. 
Figure 66a Ventral View of the yolk-sac of a 1 day old 0. my kiss 
Alevin ( Mag. 20 times) . 
Figure 66b. Ventral View of the yolk-sac of a 1 day old 0. my kiss 
Alevin ( Mag . 20 times) . 
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Figure 76. Photornicrographs of 9...:_ mykiss Yolk-Sac Epithelium Showing 
the Progressive Thickening and the Development of the Body Wall 
around the Yolk Mass. 
Figure 76a T. S. Section through the surface of the yolk-sac, showing 
the blood channel and surface epithelium. Fish Length 16.4mm; Stain-
Mallory's Trichrome. (Mag. 300). bv =Blood Vessel 
Figure 76b. T. S. Section through the yolk-sac surface showing a 
smaller blood channel and the epithelium starting to thicken. Fish 
Length 17 .Omm; Stain-Mallory's Trichrome. (Mag. 300). 
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Figure 76c T. S. Section through the yolk-sac, and body wall showing 
the blood channel and surface epithelium. Fish Length 22.8mm; Stain-
Methylene Blue. (Mag. 50). 1 = Liver, m = Muscle Block. 
Figure 76d. T. S. Section through the yolk-sac and body wall showing 
the migration of myotomes over the surface of the yolk mass. Fish 
Length 22 .8mm; Stain-Methylene Blue. (Mag. 160). 
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Figure 83. Photomicrographs of S. maximus Larvae Showing the 
Progressive Thickening and the Development of the Body and Fin 
Epithelium. 
Figure 83a T. S. Section through the body of ~ maximus illustrating 
the epithelium thickness. Fish Length 3.4mm; Stain-Methylene Blue. 
(Mag. 250 Times). 
Figure 83b. T. S. Section through the body and yolk-sac of ~ 
maximus. Fish Length 3. Omm; Stain-Methylene Blue. ( Mag. 200 times) . 
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Figure 83c T. S. Section through the f~pld of S. maxim us illustrating 
the thickness of the epithelium. Fish Length . 3"':1,n,.rn; Stain-Methylene 
Blue. ( Mag. 200 times). :..:· 
Figure 83d. T. S. Section through the finfold of S. rnaxirnus 
illustrating the thickness of the epithelium. Fish Length 3.4rnrn; Stain-
Methylene Blue. ( Mag. 250 times) . c = Chloride Cell 
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Figure 84. Scanning Electron Photomicrographs of Q.:_ my kiss Larvae 
Showing the Presence of Microridges on the Epithelium Surface. 
Figure 84a Scanning electron micrograph of yolk-sac epidermis of a 
just hatched Q.:_ my kiss larvae. Microridge development is clearly 
visible. Fish Length 15.4mm. (Mag. 10000 Times). ms = Mucus Cell 
Figure 84b. Scanning electron micrograph of body epidermis of a just 
hatched Q.:_ my kiss larvae. Microridge development is clearly visible. 
Fish Length 15. 4mm. ( Mag. 3000 Times) . c = Chloride- Cell 
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Figure 85. Scanning Electron Photomicrographs of .§...:_ maxim us Larvae 
Showing the Progressive Development of Microridges on the Epithelium 
Surface. 
Figure 85a Scanning electron micrograph of body epidermis of a S. 
maxirnus larvae. No microridge development is visible. Fish Length 
3.2mm. (Mag. 7000 Times). 
Figure 85b. Scanning electron micrograph of body epidermis of a .§...:_ 
maximus larvae. Confirming no microridge development is visible. Fish 
Length 3.2mm. (Mag. 10000 Times). 
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Figure 85c Scanning electron micrograph of body epidermis of a ~ 
maxim us larvae. Microridge starting to develop. Fish Length 5. 2mm. 
(Mag. 10000 Times). 
Figure 85d. Scanning electron micrograph of finfold epidermis of the 
same S. maximus larvae. No microridge development is visible. Fish 
Length3. 2mm. ( Mag. 15000 Times) . 
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Figure 85e Scanning electron micrograph of body epidermis of a §..:._ 
maximus larvae. Clear microridge development is visible. Fish Length 
8.4mm. (Mag. 2000 Times). 
Figure 85f. Scanning electron micrograph of finfold epidermis of a §...:.. 
maximus larvae. Partial microridge development is visible. Fish Length 
8. 4mm. ( Mag. 3000 Times) . 
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Figure 85g Scanning electron micrograph of body epidermis of a §..:. 
maxirnus larvae. Well developed microridges are visible. Fish Length 
15. 4mm. ( Mag. 15000 Times) . 
Figure 85h. Scanning electron micrograph of finfold epidermis of a S. 
maxirnus larvae. Microridge development is visible . Fish Length 
15. 8mm. ( Mag. 3000 Times) . 
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Chapter 4 
RESPIRATORY CAPACITY AND 
TOLERANCE TO HYPOXIA 
INTRODUCTION 
In Chapter 1 the importance of developing efficient organs for gaseous 
exchange was discussed. The developing larvae must increase their 
ability to extract oxygen from water to meet it's increasing oxygen 
demand produced by growth and development. In the previous chapters 
the physiological systems involved in this process have been studied in 
two fish species 1 illustrating the morphological changes which occur 
with development. As these physiological systems change and develop 1 
the role they play in gaseous exchange will also change ( Blaxter 1 
1988). It is apparent from the present study and past studies 
(Romborough 1 1988a) that with larval development there is an increase 
in the ability to regulate gaseous exchange under reduced oxygen 
tensions. However 1 these reduced oxygen tensions are only short term 
and demonstrate the responsiveness of gaseous exchange in the larvae. 
Long term periods of reduced oxygen tension often show completely 
different effects depending on their severity and the stage of 
development of the fish. 
One of the most significant changes which occurs during respiratory 
development is the change in respiratory capacity (Wieser 1 1985; Wieser 
et al 1 1985). This allows the fish greater scope for activity as 
development progresses. A distinction must be drawn here between the 
fishes ability to metabolise aerobically and the respiratory system which 
provides the oxygen to allow this aerobic metabolism. Weiser et al. 1 
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( 1985) and Wieser and Forstner ( 1986) have shown that Q.:_ my kiss 
larvae do not have a high capacity for aerobic metabolic activity with 
respect to swimming activity. The respiratory demand for activity in 
these fish is likely to be relatively lower than older fish. 
The significance of each of the sites for gaseous exchange is- difficult to 
quantify, as is the flexibility of these sites to increase or decrease 
their level of efficiency. Cutaneous gaseous exchange can be greatly 
impaired by a reduction in the diffusion gradient for oxygen 
( Romborough, 1988b), this can be achieved simply by reducing the 
environmental oxygen tension. If fish are maintained under a low 
oxygen environment, any possible periods during development when the 
larvae are sensitive to reduced oxygen tensions may become apparent 
(e.g. De Silva & Tytler, 1973) either by symptoms of stress or 
mortality. 
Other ways of reducing the scope for gaseous exchange is to reduce 
the ability of specific physiological systems and monitor the fishes 
ability to continue the process of gaseous exchange (e.g. Liem, 1981). 
If any of these conditions are maintained then any adaptations the fish 
makes to these conditions is also important as it may give information 
regarding the flexibility of the sites of gaseous exchange to react to 
respiratory stress. 
Eggs and larvae maintained under constant regimes of low oxygen 
tension have been studied by a number of workers (e.g. Garside, 1959; 
Shumway et al, 1964; Gulidov, 1974; Siefert & Spoor, 1974; Siefert, 
Spoor & Syrett, 1973; Siefert, Carlson & Herman, 1974; Hamor & 
Garside, 1977; Brooke & Colby, 1980; Gruber & Wieser, 1983). The 
main emphasis of these studies has been to determine lethal levels and 
effects on growth. Growth under hypoxic conditions has been shown in 
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these . studies to be retarded and larvae developing under hypoxic 
conditions take longer to reach key points in their development ( Hamor 
& Garside, 1977; Gruber & Wieser, 1983). Some studies (e.g. Gottwald, 
1965; DeSilva & Tytler, 1973) have shown that the LC50 for oxygen 
tensions changes during embryonic and larval development and that 
certain stages of development are more susceptible. 
Generally, the susceptibility of fish larvae to prolonged environmental 
hypoxia has been shown to be highly variable, these changes are 
regarded as reflecting changes in the site or efficiency of respiratory 
gas exchange (DeSilva & Tytler, 1973; Spoor, 1977; Rornborough, 
1988a). The main transition during development is the change from 
cutaneous to branchial gas exchange; with this change the fish gains 
increased resistance to hypoxia because branchial exchange can maintain 
a favourable diffusion gradient more effectively with the reduced 
diffusion distances involved ( Romborough, 1988b). 
The adaptive changes which occur in the physiology and morphology of 
the fish larvae under hypoxic conditions has been investigated by a 
number of workers. The main physiological effects of moderate hypoxia 
appear to be increases in the heart rate and breathing rate. Work on 
salmonids has shown that exposing alevins to moderate levels of hypoxia 
induces a tachycardia (Holeton, 1971; McDonald & McMahon, 1977). This 
is completely the reverse of the situation in adults where hypoxic 
conditions induce a bradycardia (Holeton & Randall, 1967; Randall & 
Smith, 1967.) This tachycardia in the larvae is thought to recruit more 
vasculature in the larvae and so increase the efficiency of gaseous 
exchange (McDonald & McMahon, 1977). These studies also showed that 
the branchial ventilation rate in the youngest alevins develops into a 
regular regime in hypoxic alevins. In normoxic alevins the rate remains 
inconsistent and erratic during this same period. 
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Adaptive morphological changes which occur during long term exposure 
to hypoxia include changes in the vitelline vasculature ( Garside, 1959; 
Brooke and Colby, 1980). The vasculature becomes more finely divided, 
and occupies more of the surface of the yolk-sac. Changes in the 
development of the gills has been shown by McDonald & McMahon 
(1977). Generally, gill development was inhibited, with less filaments 
and lamellae in hypoxic larvae of the same age. Mean lamellae size was 
much larger in the hypoxic larvae of the same age. This resulted in the 
overall gill area being the same for hypoxic and normoxic larvae of the 
same age. Hypoxic larvae were much more resistant to lethal hypoxic 
conditions than normoxic larvae of the same age, adaptations in the 
morphology of the vasculature and reduced diffusion distances were 
suggested as reasons for this increased resistance·. 
Behavioural adaptations to acute hypoxia include increased body 
movement of the larvae (Holeton, 1971; Spoor, 1977, 1984; Weihs, 
1980a, b; Peterson & Martin-Robichaud, 1983). This adaptation has been 
found both in marine teleost larvae and much larger salmonid larvae. 
The body movement of the larvae is thought to decrease the boundary 
layer surrounding it and so increase diffusion. Moderate hypoxia is 
thought to reduce general swimming behaviour in salmonids ( Hamor & 
Garside, 1977; Gruber & Wieser, 1983). This was thought to reduce the 
metabolic load during hypoxic conditions. There is often an increase in 
the rate of pectoral fin movement, generating flow over the body and 
yolk-sac of the animal (Holeton, 1971; Peterson, 1975; Liem, 1981). 
Peter son ( 1975) found that the increased pectoral fin movement 
increased the ventilation of the branchial respiratory surface rather 
than generating water flow over the body. 
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Another method of investigation is to reduce the fishes ability to 
exchange gases effectively, by altering or blocking one of the gaseous 
exchange systems in the fish. Liem ( 1981) reversed the water flow over 
the yolk-sac of Monopterus albus larvae and reduced the rate of 
gaseous exchange considerably. Another method is to contaminate or 
remove the respiratory pigment of the larvae. This can be done either 
by exposing the larvae to carbon monoxide ( Holeton, 1971) or 
selectively destroying the haemopoietic cells and stop the production of 
erythrocytes using X-rays or phenylhydrazine (Iuchi, 1985). The 
elimination of respiratory pigment in these larvae produced no apparent 
stress responses, suggesting that there was ade'quate gaseous exchange 
occurring without the presence of active haemoglobin in salmonid larvae. 
Holeton ( 1971) noted that the breathing rate of 6 day· old larvae treated 
with CO increased and they became more active initially. Older larvae 
( 18 days) also had a slightly increased breathing rate during CO 
exposure, all age groups studied showed an increase in the heart rate 
on treatment. However, no information is available regarding the ability 
of these larvae to regulate their gaseous exchange under reduced 
oxygen tensions in the absence of respiratory pigment. 
The measurement of the scope for gaseous exchange can also be 
estimated by inducing the larvae to swim and so induce a physiological 
hypoxia (Wieser, 1985; Wieser et al, 1985; Wieser & Forstner, 1986). 
Dabrowski (1985) estimated the general aerobic scope for ~ salar 
alevins by inducing the alevins to swim. However, Wieser et al ( 1985) 
have shown that the energy used in this forced swimming is mainly 
anaerobic and so will not give a true impression of the ability of the 
larvae to increase gaseous exchange. 
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To avoid this problem of increased anaerobic metabolism affecting the 
accuracy of estimation of routine aerobic scope, the use of reduced 
environmental oxygen tensions was decided on to estimate any changes 
in the respiratory capacity of the fish. Changes in the respiratory 
capacity have been studied using two approaches; by rearing fish 
under hypoxic conditions long term respiratory and morphological 
changes are studied and by blocking development and removing the 
respiratory pigment in the larvae thereby altering the respiratory 
capacity of the larvae. The latter study gives an estimate of the 
relative importance of respiratory pigment during development and the 
short term respiratory adaptation possible in the fish. 
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METHODS 
Low Oxygen Rearing System 
To maintain the fish under hypoxic conditions a system for maintaining 
this form of environment consistantly was constructed. This was 
achieved by recirculating water through a cooler and gas column using 
an Ehiem external filter pump. The dimensions of the column were 0.6m 
long and 6cm in diameter. The gas column was supported vertically on a 
frame next to the tank. It was packed with stone and plastic beads with 
filter wool at each end, nitrogen from a cylinder was· injected in at the 
bottom of the column, water flowed counter to this gas flow and 
stripped out the oxygen. Air was injected into the top of the column 
from a low pressure blower allowing a low rate of oxygenation. By 
controlling the flow of gas and water to and from the column a constant 
oxygen tension in the rearing chamber could be maintained. A 
polystyrene lid was placed over the top of the tank to reduce surface 
oxygenation of the water in the tank. Care was taken to keep the gas 
pressure within the column at atmospheric levels to avoid nitrogen 
supersaturation of the water. 
The column itself was made of glass and had to be blacked out to stop 
algal growth. The oxygen tension in the rearing tank was measured 
twice daily using a Strathkelvin polarographic oxygen probe to monitor 
any changes in the oxygen tension. During the experiment the oxygen 
tension was maintained at approximately 35% saturation ± 5% . This gave 
an oxygen concentration regime between 3 · 38 and 4. 5 mg/ 1 Oz. The 
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system was maintained at 10°C ± 0 . 1 °C for the time of the experimental 
period. 
A second system was set up next to the hypoxic tank and a fully 
saturated oxygen regime was maintained using air diffusers. During the 
experiment the oxygen concentration was monitored and was maintained 
at a concentration of 11.2 mg/1±0.1mgjl. Both rearing chambers were 
blacked out with black plastic sheeting to maintain low light levels. A . 
thin layer of gravel was present in each system to provide substrate 
for the alevins. Pre-cooled water changes were carried out every week 
and during exogenous feeding this was increased to every three days. 
Water quality during the trial was monitored with pH, NH3 and N02 
being measured every 2 days. Water for the hypoxic tank was bubbled 
vigorously with nitrogen gas to reduce the oxygen concentration to 
within the limits in the rearing system. 
Two thousand eyed Q.=._ mykiss eggs were transferred to the normoxic 
system until they hatched, on the day of hatching approximately one 
thousand of the hatched alevins were transferred to the hypoxic 
system. The fish were observed on transfer to the hypoxic system to 
make sure no undue stress had been caused on transfer. Mortalities 
were noted daily in each system . 
Respiratory Analysis 
Two fish were removed from each of the two systems every 3 days and 
transferred to the respiratory system. The fish was allowed to acclimate 
in the chamber for approximately 2 hours with the flow on and then the 
routine oxygen consumption was determined as well as the critical 
oxygen tension (see Chapter 1 for method) . A shorter acclimation 
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period was used than was used before because it was thought that any 
longer would expose the hypoxic larvae to elevated oxygen tensions for 
too long. Another factor which had to be considered was the time 
period available for each measurement with a restricted time to complete 
sufficient measurements in one day. 
Once the respiratory rate had been determined the fish was removed 
from the chamber 1 killed with a sharp blow to the head and its Total 
Length measured, then blotted to remove excess water and weighed. 
The yolk-sac larvae ~ere then transferred to a petri dish containing 
cooled Cortland saline and the yolk material was carefully removed using 
a Pasteur pipette 1 the yolk free weight was then determined. Blanks 
were run after each fish to monitor the bacterial respiration present in 
the chamber, this was then deducted from the respiration monitored for 
the fish to determine the actual respiratory rate. 
Growth 
20 fish were removed from each system approximately every 3 days, the 
fish were killed with a sharp blow to the head. Total Length was then 
determined and then the fish were blotted using filter paper and 
weighted. The fish was then transferred to a petri dish with cooled 
Cortland saline and the yolk removed to determine the yolkless weight. 
Fish which had started exogenous feeding were weighted before they 
were fed at the start of that day. The fish sampled were then used in 
the gill area determination and erythrocyte analysis. 
266 
Gill Area 
5 fish were removed from each system every 3 days for gill area 
analysis. The area of the gills for each fish was determined using the 
same method as described in Chapter 2. The Total Length had been 
previously determined for each individual in the growth trial. 
Erythrocyte Analysis 
10 fish from each system were used and the 3 blood samples were taken 
from each fish to determine the larval erythrocyte proportion. The same 
method as described in Chapter 3 was used in this analysis. The Total 
Length and Wet Weight were previously determined for the growth 
analysis. 
Yolk Sac Vasculature 
5 fish were removed from each system 1 killed with a sharp blow to the 
head and placed in a petri dish with cooled Cortland saline. The Total 
Length was determined 1 then the fish was injected with an ink mixture 
to visualise the yolk-sac vasculature. The same procedure as described 
in Chapter 3 was used except that individual fish were removed from 
the hypoxic tank and the injection procedure carried out as rapidly as 
possible. This ensured that the hypoxic larvae were not exposed to 
normoxic conditions for any longer than was necessary. This procedure 
was only a precaution to ensure uniform sampling technique as it is 
known that larvae recover much more slowly than adult fish from 
hypoxia (Holeton 1 1971). This ensured that any morphological changes 
which had occurred in the vasculature could be analysed. 
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Phenylhydrazine Treatment 
Iuchi ( 1985) demonstrated that treatment with phenylhydrazine of 0. 
my kiss embryos would stop production of erythrocytes. Induction of 
anaemia in 0. my kiss adults has also been demonstrated ( Byrne & 
Houston, 1988). Phenylhydrazine's action is not species specific (Smith, 
McLain and Zaug, 1971; Chudzik & Houston, 1983; Widmer et al, 1983) 
and acts by damaging erythrocyte surface membranes which either 
causes direct haemolysis or metabolism of the erythrocytes by the fish 
after they have become sensitised. No significant side effects have been 
found after treatment (Smith et al., 1971) so this treatment is ideal in 
investigating the importance of the respiratory pigment during various 
stages of development. 
Oncorhynchus mykiss 
~ my kiss eggs (due to hatch) 1 alevins and fry were transferred to a 
small ( 60litre) rearing system 1 the eggs were placed on a rearing tray. 
The water was recirculated through an Ehiem external filter pump, 
while the recirculating water was passed through a cooler. A thin layer 
of gravel was placed in the bottom of the holding unit as substrate for 
the alevins. Once the specimens were in place phenylhydrazine 
hydrochloride was added to the system sufficient to produce a 
concentration of lo-6M. 24 hours later a water change was carried out 
and activated charcoal was added to the filter medium. A further water 
change was conducted within 6 hours of the first and the activated 
charcoal renewed. 
The above procedure resulted in the production of alevins and fry with 
no or minimal levels of haemoglobin present in the circulation system. 
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The initial treatment normally promoted nearly all the eggs to hatch 
within 24 hours of treatment. Normally the hatching progresses over at 
least 48 hours in untreated eggs. Within 36 hours of the treatment 
starting no blood cells were found in the blood of the alevins. A lower 
concentration of phenylhydrazine was used than by Iuchi, (1985) 
because, apart from the initial treatment, larvae were being exposed 
rather than eggs and a smaller concentration was thought necessary. 
Fish were normally used for respirometry within 62 hours of the start 
of the treatment as the erythrocyte population was found to regenerate 
itself rapidly and within 7 days of treatment erythrocytes were clearly 
visible in the blood. 
Throughout the experiment individual fish were ~sed to determine 
oxygen consumption rates and critical oxygen tensions (see Chapter 1 
for method) . Before fish were used for respirometry they were checked 
under a microscope for the presence of blood cells. For respirometry 
purposes only fish with no or very few blood cells were used. Oxygen 
was bubbled in the reservoir to achieve supersaturation ( 130%) prior to 
testing 
New fish were treated for this experiment as re-using pre-treated 
larvae may produce fish which have adapted to the conditions. 
Scophthalmus maximus 
Two samples of fish ( 3 days post hatch) were removed from the main 
rearing system and reared in two identical smaller holding units of 
about 5 litres capacity. No filtration was possible in these small units, 
aeration was provided by a small diffuser. The level of aeration was 
kept sufficient to maintain near saturation levels of oxygen in the 
system but low enough not to disturb the larvae excessively. One 
. 
sample of fish were treated with phenylhydrazine at 10-7M for 
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approximately 12 hours, the other left untreated as a control. Once 
treatment had been completed the fish were transferred to clean water, 
then left for one hour then transferred again into clean water. This 
procedure minimised the risk of contamination of the respirometer with 
phenylhydrazine. All care was taken to minimise any temperature shock 
during the transfers. In most cases no blood cells were found in the 
treated larvae after 12 -14 hours. 
The rearing conditions were kept the same as the main system and the 
larvae fed at the same rate. After the initial treatment, water changes 
were conducted daily to avoid deterioration in water quality parameters 
and the build up of bacteria . The oxygen concentration in each system 
was checked twice daily to ensure it was maintained at or near 
saturation. Fish were selected for respiratory analysis within 24 hours 
of being exposed to the phenylhydrazine, this was normally sufficient 
for all blood cells to have been removed from the circulation system. 
Individual fish were sampled for respirometry analysis (see Chapter 1 
for method) and respiratory rates and critical oxygen tensions were 
determined. As in the case of Q..:_ my kiss the fish used for respiratory 
analysis were checked under a microscope for the absence of blood 
cells. 
Fish transferred to the respirometry system were allowed to acclimate 
within the respirometer for about 3 hours before respiratory 
measurements were made. The larvae was also allowed to acclimate in 
the water bath surrounding the respirometer for at least 2 hours. Sand 
filtered, UV treated water was used in the respirometer to reduce 
bacterial respiration during measurement. All the experiments and 
respirometry tests were conducted at 24 °C. 
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RESULTS 
Effects of Environmental Hypoxia. 
Oncorhynchus mykiss 
The fish used in 
significantly larger 
this series of 
in size than 
experiments were 
the fish used in 
found to be 
the previous 
experiments. To account for this, control fish from the same batch 
(rearedunder 100% saturation) were used throughout. This allowed a 
direct comparison of fish from the different treatments with respect to 
size (either length or weight). In this series of experiments only a 
small number of replicates were carried out compared to the previous 
work, this especially applied to the time consuming procedures such as 
respirometry and gill analysis. This was because of the time restraints 
imposed on this type of study when a number of procedures are being 
carried out at the same time and the need for control procedures to be 
carried out. The trial was terminated prematurely by a power failure 
and subsequent pump and cooler failure in both the rearing facilities. 
This lead to the system deoxygenating and fish mortality. Prior to this, 
moralities in both systems had been less than 4%, with' no difference 
between the systems. Water quality parameters remained constant over 
the trial period with pH remaining in the range 6.95 ± 0.05, NH3 = 
O.OOlmg/ 1 and N02 = <0.001 mg/ 1. 
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Respiratory Analysis. 
Critical Oxygen Tensions. 
Two fish were removed from each of the holding systems every three 
days during the trial period, 34 fish being analysed for the whole trial. 
The critical oxygen tension (Pc) was determined for each fish. The 
results of this analysis are tabulated in Appendix D. A graph of the 
results obtained for fish reared under normoxic conditions is shown in 
Figure 89 and the results for the fish reared under hypoxic conditions 
is shown in Figure 90 The fish analysed on day 0 from the two systems 
are included in both data sets. A comparison of the results obtained 
from the two groups of fish is shown in Figure 91 From this comparison 
there is reduced Pc for the fish reared under hypoxic conditions during 
the size range of 40-80 mg. Statistical analysis of the means using 
student t distribution analysis for this size range shows a significant 
difference ( p = 0. 01) between the normoxic (Mean Pc=4. 1) and hypoxic 
(Mean Pc=2. 8) reared fish. 
Routine Oxygen Consumption. 
During the analysis to determine the Pc for each fish the routine 
oxygen consumption was determined before the fish reached the critical 
oxygen tension. The results of this analysis are tabulated in Appendix 
D. Figure 92 shows the results for the fish reared under normoxic 
conditions. Covariance analysis shows a significant difference ( p=O. 025) 
in the rate of change of oxygen consumption with increasing wet 
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weight. The data is plotted using bilogarithmic axis to illustrate the 
linear relationship. The line of best fit is also shown for the data. 
Figure 93 shows the results obtained for the fish reared under hypoxic 
conditions with the lines of best fit predicted from power least squares 
regression analysis. Covariance analysis shows no significant difference 
in the rate of change of oxygen consumption over the weight range 
studied. A summary of the statistical analysis of the two sets of data is 
shown below in Table 30. 
Table 30. A Summary of the Statistical Analysis of the Routine Oxygen 
Consumption's for ~ mykiss reared under Normoxic and Hypoxic 
Conditions. 
Rearing a ± b ± St. Correlation Corrected 
Conditions St. Error. Coefficient r2 
Error. 
I 0.97 I i.Normoxic 0.266 1.094 0.952 
< 100 mg ±0.22 ±0.056 
11. Normoxic 0.734 0 . 799 0.951 0.91 
>100mg ±0.38 ±0.071 
ill. Hypoxic 0.3124 0.995 0 . 951 0.941 
iv. Restricte 0.349 1.018 No 0.9224 0.919 
d Normoxic Sig. Dif. 
Analysis from c 
(Note. Oxygen consumption values calculated using 
pg02/hour/Individual as units.) 
Standard 
Error of 
I Plot 
0.135 
0.092 
0.137 
0.174 
I 
Analysis of covariance shows a highly significant difference (p=0.001) 
between the regressions i and ii in the weight related oxygen 
consumption for the normoxic fish . From the above table it is apparent 
that the hypoxic group have a slightly lower rate of change in their 
routine oxygen consumption over the same time period. However the 
result may have some bias because of the difference in the sizes of the 
fish from the two groups. Analysis of the normoxic fish in the same 
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size range as the hypoxic fish is shown in Table 30(iv). From this 
comparison it is apparent that there is no significant difference between 
the two groups. 
Specific Oxygen Consumption. 
From the routine oxygen consumptions the weight specific oxygen 
consumption was determined using the yolkless wet weight of the fish. 
These results are tabulated in Appendix D. The results for the 
normoxic reared fish are shown in Figure 94, a bilogarithmic plot of 
these results is shown in Figure 95. The results for the hypoxic reared 
fish in Figures 96 and 97. Comparison of the weight specific oxygen 
consumptions for the two groups shows that the hypoxic reared fish 
generally have lower values than normoxic fish of the same size . 
Analysis of covariance of fish in the same size range for the two groups 
shows a highly significant ( p=O. 001) difference between the two groups 
with the hypoxic group having the lower specific oxygen consumption . 
The results for the normoxic reared fish show the same peak in 
metabolic activity as was found in the Chapter 1. The hypoxic larvae do 
not show any clear change in their metabolic activity during the period 
studied with no significant changes in the rate over this period. 
Growth. 
The growth of the two groups of fish was monitored by measurement of 
wet weight and total length during the period of study. A sample of 
twenty fish were measured every 3 days from each system. The results 
of this analysis is tabulated in Appendix D. Figure 98 shows the Mean 
Total Length for the fish in each sample reared in the normoxic system. 
The standard errors for the means are also shown on the plot. Figure 
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99 shows the Mean Wet Weights for each sample in the same system. 
Figures 100 and 101 show the changes in Total Length and Wet Weight 
for the hypoxic system respectively. From a comparison of these plots it 
is apparent that the hypoxic group have a much slower growth rate 
compared to normoxic group. At the end of the experiment the normoxic 
fish were significantly larger than the hypoxic reared fish. A 
comparison of Total Length for the two groups is shown in Figure 102 1 
from this there is an obvious divergence of the two groups at around 
day 20. 
A weight length relationship for the two groups was calculated from the 
growth results. A summary of these results is shown in Appendix D. 
The results are presented for the normoxic group in Figure 103 and 
Figure 104 for the hypoxic group 1 both these plots are bilogarithmic. A 
summary of the statistical analysis of these plots is shown below in 
Table 31. 
Table 31. Summary of the Statistical Analysis of the Weight Length Data 
for Normoxic and Hypoxic Reared 0. mykiss. 
Rearing I a ± St. b ± St. 1 Correlation Corrected 1 Standard 
Conditions Error. Error. Coefficient r2 Error of 
I Plot 
Normoxic 0.00212 3.362 I o.947 0.965 I o.147 
±0.23 ±0.072 
Hypoxic 0.002 3.37 0.974 0.954 0.087 
Hatch to ±0.34 ±0.12 
22.9mm 
Hypoxic 0.00021 4.085 0.946 0.867 0.0666 
> 22.9mm ±0.83 ±0.26 
- - ----
From Figures 103 and 104 there is a significant (p=0.025) change in the 
weight length relationship in the hypoxic group at around 23 mm. 
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Gill Area. 
The gill areas of 5 fish from each system were determined every 3 
days. The same method was used as described in Chapter 2. The data 
from this analysis is shown in Appendix D. As in Chapter 2 the weight 
dependent and length dependent relationships were determined for the 
total lamellae number, mean bilateral lamellae number and total gill area. 
Covariance analysis shows a significant difference (p=0.001) in the rate 
of secondary lamellae recruitment for both groups over the size range 
studied. Figure 105 shows the results for weight dependent total 
lamellae number for the normoxic group, Figure 106 shows the same 
relationship for the hypoxic group. Both plots are bilogarithmic and 
also have the lines of best fit predicted from power least squares 
regression analysis for the data. Comparison of the normoxic and 
hypoxic fish in the same size range shows a significant difference 
( p=O. 025) in the rate of recruitment between the two groups. A 
summary of the statistical analysis of these plots is shown in Table 32. 
Table 32. A Summary of the Weight Dependent Total Lamellae Numbers 
for 9...:_ mykiss Reared under Normoxic and Hypoxic Conditions ~ 
Dif. from Normoxic Reared Fish Indicated ~ l.:!..l.:. 
Rearing I St. b ± St. 1 Correlation Corrected Standard a ± 
Conditions 1 Error. 1 Error. j Coefficient I r2 1 Error of 
Plot 
Normoxic 4.259 1.691 0.833 0.832 0.238 
Hatch to 1 ±0.545 ±0.15 I 
58 mg I 
Normoxic 246.05 0. 775 0.924 1 0.885 0.138 
> 58 mg ±0.19 ±0.038 I I I J 
Hypoxic 0.761 2.22 0.955 0.898 0.205 
Hatch to ±0.52 ±0.15. 
52 mg (+) 
Hypoxic 634 0.5115 0.922 0.85 0.052 
>52 mg ±0 .132 ±0.03 (+) 
I 
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The length dependent lamellae number relationship is shown in Figure 
107 for normoxic reared fish, and Figure 108 for hypoxic reared fish. 
Covariance analysis shows a significant difference in the length 
dependent rate of lamellae recruitment for both normoxic and hypoxic 
groups. Both plots are bilogarithmic and show the lines of best fit 
predicted from power least squares regression analysis for the data. A 
summary of this analysis is shown in Table 33. 
Table 33. A Summary of the Length Dependent Total Lamellae Numbers 
for ~ mykiss Reared under Normoxic and Hypoxic Conditions. (Sig. 
Dif. from Normoxic Reared Fish Indicated .Qy ~ 
Rearing a ± St. l b ± St. J Correlation Corrected 1 Standard 
Conditions Error. Error. I Coefficient r2 Error of 
Plot 
1.923E-07 
I 
I 0. 983 Normoxic 7.946 0.966 0.0876 
Hatch to ±0.953 I ±0.332 
20 mm I 
' I o. 956 Normoxic I 0.0182 4.077 0.976 0.0725 
>20mm to ±0.521 ±0.165 
27mm I 
1 I Normoxic 43 . 661 1.7283 I 0.949 0.882 0.0517 
> 27 mm 1 ±0 . 3997 ±0.117 
Hypoxic 6.548E-09 9.148 I 0.966 0.977 0.0882 
Hatch to I ±0.864 ±0.301 I I 
20mm (+) I 
Hypoxic 10.01 I 2.0336 1 o. 973 0 . 954 0.0319 
> 20mm ±0.189 ±0.06 (+) 
' i 
From the above summary there is an apparent reduction in the rate of 
lamellae recruitment during development this supports the results found 
in Chapter 2. However, comparison of the normoxic and hypoxic data 
using covariance analysis shows a significant difference ( p =O. 005) 
between the two groups with a greater reduction in this rate occurring 
in the hypoxic group. This is especially apparent in the length 
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dependent analysis as the size range for the second stage in lamellae 
recruitment is for fish of similar size. There is no apparent triphasic 
allometry in the hypoxic length dependent plot, however as the fish 
were much smaller than the normoxic fish it is likely they were not 
sufficiently large to show the third phase. 
The data obtained from the analysis of mean individual bilateral lamellae 
area for both groups of fish shown in Appendix D. Figure 109 shows 
the weight dependent results for the normoxic reared fish and Figure 
110 shows the same analysis for the hypoxic reared fish. Covariance 
analysis shows a highly significant difference in the rate of lamellae 
area development for both groups. Both plots are bilogarithmic and 
show the lines of best fit predicted from power least squares regression 
analysis for the data. A summary of the regression analysis of these 
plots is shown in Table 34. 
Table 34. A Summary of the Weight Dependent Mean Lamellae Bilateral 
Surface Area for ~ mykiss Reared under Normoxic and Hypoxic 
Conditions. ( Sig. Dif. from Normoxic Reared Fish Indicated .Qy 1.::l.:_ 
Rearing a ± St. b ± St. Correlation Corrected Standard 
Conditions I Error. 
1 
Error. Coefficient ' r2 Error of 
Plot 
Normoxic 1 o.o157 1.631 0.958 0.947 0 .231 
Hatch to 1 ±0 .215 I ±0.051 I 156 mg 
Normoxic 18.345 0.253 0.549 0.259 0.0768 
>156 mg ±0.48 ±0.088 
Hypoxic I 0.0339 I 1.427 I o.9o8 0.801 0.159 
Hatch to ±0.53 ±0.15 (+) 
45 mg 
Hypoxic 0.00264 2.253 I 0.944 0.922 0.1799 
> 45 mg ±0 .38 ±0 .09 (+) I 
_j I 
---- -
(Note . The mean lamellae areas were multiplied by 10000 to allow the 
regression analysis) 
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The Length dependent analysis of lamellae area is tabulated in Appendix 
D. Figure 111 shows the results of this analysis for the normoxic 
reared fish, while Figure 112 shows the results for the hypoxic reared 
fish. Both plots are bilogarithmic and show the lines of best fit 
predicted from power least squares regression analysis. A summary of 
this analysis is shown in Table 35. 
Table 35. A Summary of the Length Dependent Mean Lamellae Bilateral 
Surface Area for 9.:_ mykiss Reared under Normoxic and Hypoxic 
Conditions. ( Sig. Dif. from Normoxic Reared Fish Indicated ~ l±l.:.. 
Rearing a ± St. i b ± St. Correlation Corrected Standard 
Conditions Error. J Error. Coefficient r2 Error of 
Plot 
Normoxic 4.775E-07 I 5.593 0.0.953 0.996 0.0642 
Hatch to ±0.14 ±0.045 
30 mm 
- ------- -~- -- - -- - - - --- -
Normoxic 1.652 1.101 0.865 0. 727 0.0372 
>30 mm ±0.55 ±0.16 
--- -- ---
---
Hypoxic 1.808E-07 5.952 0.946 0.939 0.0877 
Hatch to ±0.94 ±0.33 (+) 
19.5 mm 
- -
-- ~ '----
-- -
-
Hypoxic 1.1984E-10 8.531 0.934 0.964 0.1216 
> 19.5 mm ±0.68 ±0.22 (+) 
(Note. The mean lamellae areas were multiplied by 10000 to allow the 
regression analysis) 
From the above summary of the lamellae area analysis there is a change 
in the rate of increase in lamellae area during the growth of the fish. 
This change occurring around 150 mg for the normoxic larvae with a 
reduction in the rate of development. The number of fish larger than 
this in the analysis was relatively small and so resulted in a poor 
correlation coefficient for this data. Comparison of the two groups using 
covariance analysis shows a significant difference in the rate of 
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development of the lamellae area. The analysis of the hypoxic reared 
data shows an increase in the rate of increase in lamellae area at 
approximately 20 mm or 45 mg which is not present in the data for the 
normoxic reared fish. 
Using the above two gill parameters the total gill area was calculated 
for each fish. A summary of these results can be found in Appendix D. 
The weight dependent relationship for gill areas is analysed for the 
normoxic reared fish in Figure 113 and Figure 114 for the hypoxic 
reared fish. Covariance analysis suggests a highly significant ( p=O. 001) 
change in the rate of gill development over the period studied for both 
groups. Both plots are bilogarithmic and show the lines of best fit 
predicted from power least squares regression analysis for the data . A 
summary of this analysis is shown in Table 36. 
Table 36. A Summary of the Weight Dependent Total Gill Area for Q:_ 
my kiss Reared under Normoxic and Hypoxic Conditions. ~ Dif. from 
Normoxic Reared Fish Indicated Q.y ..l!.l.:.. 
Rearing I a ± St. b ± St. Correlation I Corrected Standard 
Conditions Error. Error. 
1 
Coefficient r2 Error of 
I Plot 
Normoxic 0.000106 3.198 0.879 I 0.931 0.441 
Hatch to I ±0.514 ±0.128 
113 mg I 
Normoxic 3 . 826 1 . 052 0 . 84 0.705 I 0.203 
>113 mg ±0.635 ±0.119 
Hypoxic 11.808E-06 4.212 I o. 902 0 . 926 0.372 
Hatch to I ±o.8 ±0.22 (+) 
59 mg I I I 
Hypoxic 0.00377 2. 59 0 . 9178 0.893 0 . 2034 
> 59 mg ±0. 572 ±0.13 (+) 
(Note. The total gill area was multiplied by 10 to allow r egression 
analysis) 
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The length dependent analysis of total gill area is shown in Figure 115 
for normoxic reared fish and Figure 116 for hypoxic reared fish. Both 
plots are bilogarithmic and show the lines of best fit predicted from 
power least squares regression analysis for the data. A summary of this 
analysis is shown in Table 37. 
Table 37. A Summary of the Length Dependent Total Gill Area for Q_:,_ 
my kiss Reared under Normoxic and Hypoxic Conditions. ~ Dif. from 
Normoxic Reared Fish Indicated Q.y ..l!:_h 
Rearing j a ± St. b ± St. Correlation I Corrected Standard 
Conditions Error. Error . Coefficient r2 Error 
I 
Plot 
! 2. 778E-13 
I 
Normoxic 10.751 I 0.885 I 0.992 0.162 
Hatch to 1 ±0.403 ±0.132 
27.5 mm 
-
1 0.0~06 -- - j 1 1 Normoxic 2.931 I o.968 I o.916 0.066 
>27 .5 mm ±0.61 ±0.18 
- - - - I 
Hypoxic 2.031E-19 15.7217 0 .8733 0.977 0.159 
Hatch to 1 ±1.45 ±0 . 50 (+) I I 19.9 mm I 
-
j I 0.1287 Hypoxic 1.546E-12 10.485 0 . 920 0.969 
> 19.9 mm ±0.805 ±0.25 (+) I 
I 
(Note. The total gill area was multiplied by 10 to allow regression 
analysis) 
of 
From the results there are quite significant changes occurring to the 
rate of development of gill area, there are also significant changes 
occurring between the normoxic and hypoxic reared fish. Figure 117 
shows the change in the mean gill area for both normoxic and hypoxic 
reared fish. It is apparent from this plot that up to day 20 there is no 
significant difference in gill areas between the two groups. However, on 
day 20 there is a s ignificant difference between the two groups . The 
other times when a significant difference between the two groups occurs 
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is on day 35 and day 38 when the normoxic fish have a greater gill 
area. 
Erythrocyte Analysis. 
Ten fish from each group were analysed for the proportion of larval 
erythrocytes present in their blood. The analysis was carried out in the 
same way as in Chapter 3. The results of this analysis are tabulated in 
Appendix D. Figure 118 shows the weight dependent larval erythrocyte 
proportion relationship for normoxic and hypoxic reared Q:_ my kiss. 
Figure 119 shows the length dependant relationship for both normoxic 
and hypoxic reared 0. my kiss. 
Figure 120 shows the change in larval erythrocytes in relation to the 
age of the fish for both the normoxic and hypoxic groups. Table 38 
below summarises the mean larval erythrocyte proportions for the 
normoxic and hypoxic reared fish during the trial. 
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Table 38. A Summary of the Changes in Larval Erythrocytes for Q:_ 
my kiss Under Normoxic and Hypoxic Conditions. 
Normoxic Reared Fish Hypoxic Reared Fish 
Day Mean Mean 
of Length 
± St . 
Mean 
Proportion 
Larval 
Erythrocytes 
± St. Dev. 
Mean 
Proportion 
0 
2 
5 
8 
11 
14 
17 
20 
23 
26 
29 
32 
35 
38 
Length 
± St. 
Dev .. 
16.39±0. 24 0.902±0.032 
17.06±0.28 0.827±.04 
17.61±0.4;- T o.642±o.o49 
19.19±0.75 
20.05±0.57 
0.4±0.042 
l 0.317±0.03 
22.36±0.624 0 . 21±0.037 
-
23.35±0.68 I o.143±o.o34 
23.95±0.734 0.105±0.02 
24.99±0.69 0.025±0.018 
25.85±0.85 0.006±0 . 008 
27.75±0.82 I o 
27.94±1.47 0 
I 
30.12±1.31 0 
31.21±1.81 0 
Dev. 
of Larval 
Erythrocytes 
± St. Dev. 
16.39±0 .~ 0.902±0 . 032 
17.185±0.5 i 0.827±0.053 
17. 48±0. 54 69. 9±0. 056 
I 
18.54±0.71 I o.62s±o.o6 
1 19.366±0.4 j 0.525±0.063 
21.22±0.52 0.4±0.049 
21. 75±0.37 ! 0.30~±0.055 
22.48±0.39 0.233±0.038 
22. 85±0. 77 0 .191±0. 031 
, I 
23.09±0 . 53 0.128±0 . 003 
I 24 .13±0 .s3 
24.009±0.5 
j 
0 . 058±0.024 
0.028±0.015 
24.48±0.56 0.009±0.011 
25. 23±0 . 73 0 
Significant 
Difference 
Between 
Normoxic and 
Hypoxic 
Groups 
Not sig. 
f------ --
Not sig. 
Sig. (p=O.OS) 
Sig. (p=O.OS) 
Sig. ( p=O. OS) 
Not Sig. 
Sig. (p=O.OS) 
Sig. (p=O. 005) 
Sig. (p=O. 025) 
Not Sig . 
Not Sig. 
Not. Sig. 
Statistical analysis of these results shows no significant difference 
between the proportion of larval erythrocytes with respect to the two 
groups for either weight or length. However, there is a significant 
difference (P=0.05) with respect to age from day 8 for the two groups, 
the hypoxic reared fish generally having a higher proportion of larval 
erythrocytes after day 8. Table 38 gives a summary of the significance 
level for each set of data, with respect to the age of the larvae. 
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Yolk - Sac Vasculature. 
The proportion of vascular tissue covering the yolk-sac was determined 
for five fish from both groups every three days. The results of this 
analysis are tabulated in Appendix D. Figure 121 shows the change in 
the vascularisation with respect to weight for both the normoxic and 
hypoxic reared fish. The change in vasculature with changes in length 
are shown in Figure 122 for both the normoxic and hypoxic reared fish. 
Figure 123 shows the changes in vasculature with time for both the 
normoxic and hypoxic reared fish. Statistical analysis of these results 
show that the hypoxic reared fish have a significantly (p=0.001) higher 
level of vasculature with respect to age. There is also a significant 
difference (p=0.01) with length up to 22 mm and with weight up to 65 
mg between the two groups. 
Phenylhydrazine Treatment. 
Oncorhynchus my kiss. 
The experiment was carried out for the same period of time as the 
experiment above. The experiment also being terminated by the same 
power failure. During the period of the experiment the fish were 
analysed using the respirometer. The fish used in this experiment were 
from the same batch as had been used in the hypoxia experiment and so 
the control results from that experiment are used as the control in this 
experiment. 
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Critical Oxygen Tension. 
Treated fish were acclimated in the respirometer and then the critical 
oxygen tension determined. The results of this analysis are tabulated in 
Appendix D. Figure 124 shows a comparison of Pc values for normal 
untreated fish with phenylhydrazine treated fish. This illustrates the 
change in Pc with wet weight for the two groups. From this analysis it 
is apparent that phenylhydrazine treated fish have significantly 
(p=0.01) higher Pc values than normal untreated fish of the same 
weight. However the Pc continues to decrease as development 
progresses in the treated fish. 
Routine Oxygen Consumption. 
During the determination of the Pc the routine oxygen consumption of 
the fish was determined. The water in the respirometer had to be 
supersaturated (130%) with oxygen for the smallest treated fish as the 
Pc was too near to atmospheric saturation. Supersaturation by bubbling 
oxygen into the reservoir meant that a sufficiently long trace was 
created to allow accurate analysis before the fish reached the Pc level. 
The results of this analysis are tabulated in Appendix D. Figure 125 
shows the routine oxygen consumption for the phenylhydrazine treated 
fish. The plot is bilogarithmic and the lines of best fit predicted from 
power least squares regression analysis for the data are also shown. A 
summary of this analysis is shown in Table 39. 
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Table 39. A Summary of the Statistical Analysis of the Routine Oxygen 
Consumption's for Q:,_ mykiss Untreated and Treated with 
Phenylhydrazine. 
Rearing I St. I b ± St. Correlation Corrected a ± 
Conditions Error. Error. Coefficient r2 
I I 
Untreated I 0.266 1 1.094 0.97 1 o.952 
< 100 mg ±0.22 I ±0.056 
Untreat•l · 73-:;- - r l 0.91 0.799 I 0.951 
> 100mg ±0. 38 J ±0.071 
r---- -- -
Treated 0.395 I 0.928 I 0.97 0.965 
I ±0.116 ±0.026 
(Note. Oxygen consumption values calculated using 
pg02/hour/Individual as units.) 
1 Standard 
Error of 
Plot 
I I o.135 
0.092 
.. --
0.119 
I 
As for the hypoxic reared fish comparison with the control is also done 
with fish of a similar size and no clear difference in the rate of 
development of the routine oxygen consumption between the groups is 
apparent. 
Specific Oxygen Consumption. 
Using the routine oxygen consumption values the weight specific oxygen 
consumption was determined for the phenylhydrazine treated fish. The 
results of this analysis are tabulated in Appendix D. Figure 126 shows 
these results and the results from the control group as a comparison. It 
is apparent from these results that the phenylhydrazine treated fish 
generally have a significantly ( p=O. 01) lower weight specific oxygen 
consumption rate than untreated fish of similar weight up to 120mg. 
Fish sampled over this size were not significantly different from the 
control group. 
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Scophthalmus maxim us. 
Critical Oxygen Tension. 
Critical oxygen tensions were determined for S. maximus larvae which 
had been exposed to phenylhydrazine. Larvae from the same rearing 
system but unexposed were used as the control to compensate for any 
effects of the rearing system or feeding rates. The results of this 
analysis are tabulated in Appendix D. Figure 127 shows the weight 
dependent relationship for Pc comparing untreated and treated fish. 
Figure 128 shows the results for the smallest fish in more detail. From 
this last graph there is an apparent elevation in the level of the Pc for 
the larvae in the range of 10 to 40 mg. Although 4 batches of larvae 
were treated no larvae survived the treatment in these batches in the 
size range of 9. 5 to 15 mg and so the Pc was not measured. 
Routine Oxygen Consumption. 
The routine oxygen consumption of phenylhydrazine treated larvae was 
determined, the results of this analysis are tabulated in Appendix D. A 
summary of the analysis on this data is shown in Table 40. A 
bilogarithmic plot of the results obtained for treated and untreated 
larvae is shown in Figures 129 and 130 respectively. 
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Table 40. A Summary of the Statistical Analysis of the Routine Oxygen 
Consumption's for ~ maximus Untreated and Treated with 
Phenylhydrazine. 
Rearing i a ± St. b ± St. Correlation I Corrected I Standard 
Conditions Error. Error. I Coefficient I r2 I Error of 
I Plot I 
Untreated I 0.866 I I o. 944 ! 0.189 I 0.0075 I o.99 
Up to ±0 . 53 ±0.07 
10 mg I 
- -
-
-
Untreated 0.032 0.64 0.97 0.942 0.17 
> 10 mg ±0.47 ±0.041 
-- i ~.852 -- -- --- -Treated 0.0064 0.945 0.899 0.246 
Up to ±0.695 ±0.09 
10 mg 
Treated 0.0432 I 0.628 0.974 0.975 0.117 
> 10 mg ±0.263 ±0.024 I I 
(Note. Oxygen consumption values calculated using 
pg02/ hourj individual as units.) 
From the above analysis there is no apparent difference in the rate of 
change of oxygen consumption with size between the two groups. 
However the routine oxygen consumptions for the two groups are 
significantly ( p=O. 05) different. 
Specific Oxygen Consumption. 
The specific oxygen consumption rates were calculated from the routine 
oxygen consumptions. The results of this analysis are tabulated in 
Appendix D. The results of the analysis of this data are presented in 
Table 41 Bilogarithmic plots of the specific oxygen consumption for 
treated and untreated fish are shown in Figures 131 and 132 
respectively. 
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Table 41. A Summary of the Statistical Analysis of the Specific Oxygen 
Consumption's for §...=.. maximus Untreated and Treated with 
Phenylhydrazine. 
I I 
Rearing a ± St. b ± St. I Correlation Corrected Standard 
Conditions Error. I Coefficient r2 I Error of 
1 
Error. 
Plot 
Untreated 6420.7 -0.147 -0.377 0.144 0.246 
Up to ±0.695 1 ±o.o9 
10 mg 
1- - -- 1 -
Untreated 43177.3 i -0.371 1-0.82 0.931 0.117 
> 10 mg ±0.263 ±0.024 
-- - -
Treated 17471.8 -0.134 -0.471 0.229 I 0.188 
Up to ±0.53 ±0.07 
10 mg I 
Treated I 32323 1-0.355 1-0.692 0.829 0.170 
> 10 mg ±0.468 ±0.041 
I --
From this analysis there is no significant difference between the treated 
and untreated groups, however if the plot of specific oxygen tensions 
of the treated group are carefully examined there is an apparent rise in 
the weight specific oxygen tension just prior to the 9. 5 mg size. If the 
actual specific oxygen consumption rates are analysed then the two 
groups are significantly (p=0.025) different in the initial size range i.e . 
fish under 10mg. 
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DISCUSSION 
Hypoxia 
Over the period of study no teratogenic effects were observed in the 
hypoxic reared fish. The appearance of such effects has generally 
occurred when the eggs and embryos have been exposed to sust~ned 
hypoxia (e.g. Garside 1 1959; Silver et al. 1 1963; Gottwald 1 1965; 
Shumway et al. 1 1964; Brooke & Colby 1 1980). Any teratogenic effects 
induced by the exposure of alevins to hypoxia are not likely to be 
evident until much latter in development as the rate of development of 
these fish is lower than for the embryos. 
The significance of the rearing oxygen tension used for the hypoxic 
system was related to the adaptive responses known to occur in 0. 
my kiss to hypoxia. Holeton ( 1971) found an elevated level of branchial 
ventilation and heart rate at the selected oxygen saturation of 35 - 40% 
in ~ my kiss alevins 1 lower levels of hypoxia resulted in a reduced 
respiratory rate and subsequent reduced aerobic capacity. The moderate 
level of hypoxia would be more significant in any study of potential 
respiratory adaptation and the identification of periods of reduced 
respiratory scope because of the moderate level of demand placed on the 
respiratory system. 
Critical Oxygen Tension. 
The Pc found for this batch of normoxic alevins differed from those 
found for the smaller alevins used in previous work at the same period 
of development (i.e. Just hatched. see Fig. 28) . The level is 
significantly lower for the larger fry. However 1 if they are compared 
with fish from the previous batch of similar size 1 there is no significant 
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difference between the two groups. This difference at the time of hatch 
may be a function of the egg size. Escaffre & Bergot ( 1984) found 
larger eggs produced larger alevins which developed faster as embryos. 
This faster development may result in the larger alevins being more 
highly developed at hatch and therefore having a greater regulatory 
capacity for respiration. 
Comparison of the development of critical oxygen tensions for normoxic 
and hypoxic fish suggests a significant change between the two groups 
in the 40 - 80 mg size range. The timing of the divergence between the 
two groups may be a function of the development of morphological 
adaptations to the hypoxia or a function of any reduced metabolic 
demands which have occurred in the hypoxic larvae prior to this 
period. Comparison by weight was thought to be more appropriate 
because of the significant changes in size for the two groups. If this is 
considered with the changes which are occurring in the capacity for 
respiratory regulation during this same period, a comparison by size 
rather than by age is more appropriate. 
The reduction in Pc by 1. 28mg02/ l for the hypoxic larvae suggests that 
these fish have increased their ability to regulate their respiratory rate 
compared to normoxic larvae of the same size. One explanation of this 
difference is related to changes which have occurred in the larvae 
during adaptation to hypoxia . This may reflect different rates of 
development within the hypoxic larvae compared to the normoxic larvae 
with some systems being prioritised. Somatic growth is known to be 
retarded under hypoxic conditions. The specific respiratory related 
development may however, not be retarded. This would produce similar 
results, as fish under hypoxic conditions would have reduced somatic 
growth but have relatively well developed respiratory systems for the 
size of fish. This seems unlikely to explain the whole situation as fish 
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of a similar age do have significantly different Pc values within this 
size range. Another possibility is that the fish undergoes reductions in 
its metabolic rate and therefore has less metabolic demand to satisfy 
over this period 1 allowing it to regulate the respiratory capacity to a 
much lower oxygen tension. Changes in metabolic activity must occur 
relatively rapidly when exposed to hypoxia to be of significant effect. 
Gnaiger ( 1983) found metabolic adaptation to occur in ~ alpinus larvae 
within 24 hours of the onset of hypoxia with the compensation being 
made by anaerobic metabolism during this period. Aerobic metabolism 
after this period returned to normoxic levels. 
The onset of these changes in Pc occur after a number of days of 
continual exposure to hypoxia. The time delay in any apparent 
differences occurring in the Pc for the two · · groups suggests 
morphological or physiological adaptations to the developing respiratory 
system occurring in the hypoxic group over this initial period. 
Therefore 1 it seems more likely that these changes in the Pc for the 
hypoxic fish are related to stimulation of respiratory adaptation to the 
hypoxic conditions which allows the fish greater respiratory regulation. 
The start of the differentiation of the Pc values for the two groups 
occurs before there is any significant divergence in the mean sizes of 
the two groups. This shows that although no apparent difference in 
growth occurred during the early period of this experiment there were 
significant changes occurring in the physiology of the larvae in 
response to the hypoxia. 
From the analysis of development of Pc in the two groups of fish, there 
is no significant difference in the fish over 100 mg in size. This 
convergence of Pc values for both groups suggests that whatever 
adaptations are present in the hypoxic fish below this size range are 
either also present in the normoxic fish by this stage in development or 
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the factors which are influencing Pc at this size range are not 
influenced by the adaptations the hypoxic fish have made prior to this 
point. 
McDonald & McMahon (1977) found an increase in the median tolerance 
time to lethal dissolved oxygen tensions in hypoxic reared Salvelinus 
alp in us 1 the reasons for this were suggested to be changes in the 
blood-water barrier and increased lamellae perfusion rates in the 
hypoxic adapted fish. 
Routine Oxygen Consumption 
The determination of routine oxygen consumption for the larvae reared 
under hypoxic conditions meant that these fish would be exposed to 
elevated oxygen concentrations in the respirometer. In exposing these 
fish to elevated oxygen concentrations over the period of acclimation 1 
short term adaptations and recovery are possible. It is therefore 
unlikely that short term adaptations undergone by the larvae are going 
to be detected because of the recovery period allowed during 
acclimation. Determination of routine oxygen consumption is not possible 
without the elevation of the oxygen tension because the rearing oxygen 
tension is below the Pc for these larvae and a routine rate cannot be 
determined. 
However 1 by allowing acclimation of the fish any long term adaptations 
in the respiratory rate will be identified. The recovery time from 
hypoxia in larval fish is known to be slow. Holeton (1971) observed 
that the larvae of 0. my kiss took hours for the breathing and heart 
rate to recover after exposure to acute hypoxia. Gnaiger ( 1979 1 1983) 
noted a 48 hour recovery period for S. alpinus embryos after exposure 
to hypoxia and 24 hours for alevins. 
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Comparison of the development rates for routine oxygen consumption 
shows a similar relationship for the normoxic group compared to the 
previous study (see Chapter 1). An initial increase in the rate of 
development of oxygen consumption occurs during the period of 
endogenous feeding. The peak of this initial period occurs at 
approximately 100 mg in size. This is higher than observed in the 
previous study 1 however 1 the eggs and alevins are significantly larger 
than previously used. 
Comparison of the routine oxygen consumption for the normoxic and 
hypoxic reared fish shows a general reduction in the routine oxygen 
consumption of approximately 0. 01mg02/hourjindividual for the hypoxic 
fish compared to the normoxic fish. This is especially evident as the 
fish develop during the period of endogenous feeding. This may be a 
result of long term adaptations occurring in the hypoxic fish as the 
time period in the hypoxic rearing regime increases. There is an 
especially distinct divergence in the oxygen consumption rates during 
the middle and later period of endogenous feeding. 
Direct comparison of the development of routine oxygen consumption 
with size for the two groups is difficult because of the higher growth 
rate of the normoxic fish which means a far more extensive size range 
in the normoxic group compared to the hypoxic group. Because of the 
changes in rate of development of oxygen consumption which occur in 
the normoxic fish direct comparison may obscure differences between 
the two groups. There is no diphasic allometric relationship apparent 
for the hypoxic reared fish. The limited size range of this group of 
fish may be insufficient to show a change in the relationship. Analysis 
of this rate using individuals of similar size allows a direct comparison 
and shows no significant difference in the rate of development of 
routine oxygen tension but significant differences in the intercepts of 
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these relationships. Comparison of the standard errors for the two 
groups shows that the hypoxic group generally have a lower level of 
variation during development. This may reflect a reduction in 
spontaneous activity in the hypoxic fish. This reduced level of activity 
in hypoxic reared salmonids has also been shown to occur by Hamor & 
Garside (1977) and also Gruber & Wieser (1983). This reduced level of 
activity may explain the significant difference in routine oxygen 
consumption for fish in the later period of endogenous feeding. The 
fish in normoxic conditions increase their swimming activity during this 
period as the yolk-sac is reduced in size and the increase in 
development of oxidative enzymes (Hinterleitner et al. 1 1987). In 
hypoxic reared fish the levels of sporadic activity may be reduced to 
maintain a low aerobic metabolic demand. 
Specific Oxygen Consumption 
Analysis shows a peak in the specific oxygen consumption for the 
normoxic reared fish. This relationship follows that identified in the 
study on the smaller larvae carried out previously (see Chapter 1). The 
peak in the specific oxygen consumption occurs mid way through the 
period of endogenous feeding. 
Comparison of the two groups shows no diphasic allometry for the 
hypoxic larvae 1 this may be a result of the reduced size range, 
however a positive correlation would be expected. The data shows no 
significant correlation and therefore there is no apparent change in the 
specific oxygen consumption rate over the period studied. The specific 
oxygen consumptions are also lower for the hypoxic group compared to 
the normoxic group. This suggests the hypoxic reared larvae maintain a 
reduced metabolic activity compared to the normoxic larvae. This may 
simply be a result of reduced swimming activity by the hypoxic larvae 
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or a reduction in the overall metabolic rate of the larvae. This would 
explain the divergence of the two groups in growth. The peak in 
specific oxygen consumption in the normoxic group is likely to be due 
to increases in the spontaneous activity of the larvae during this 
period. The hypoxic larvae do not show this increase in spontaneous 
activity and also show no peak in specific oxygen consumption. The 
lack of any reduction in the specific oxygen consumption for the larger 
fish reared under hypoxic conditions may have been due to the reduced 
size range or an inability to fill the swim bladder because of the 
presence of the tank lid being flush to the water surface. 
Growth 
Comparison of the growth rates of the larvae shows a significant 
divergence in both length and weight for the two groups at 
approximately day 20. The groups then continue to diverge until the 
end of the trial period. The use of growth as an indicator of hypoxic 
stress has been extensively used (see review by Romborough, 1988a). 
Generally, hypoxia inhibits the developmental velocity of the fish 
compared to normoxic reared fish. This retardation is especially 
prominent during embryonic development . From the results, the growth 
of the fish is retarded, with retardation increasing as the period of 
endogenous feeding ends. This may result from compounded effects of 
the hypoxia. It may also represent an increase in the retarding of 
growth due to an increase in aerobic metabolic demand which is not 
being met by the respiratory development of the hypoxic fish and 
subsequently decreasing growth further. The proportion of total energy 
consumption used for growth is known to be high during this period of 
development (Romborough, 1988a). The level of tissue metabolism 
increases towards the end of the period of endogenous feeding and the 
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observed reduction in growth over this period may be the result of the 
increased metabolic activity of the tissue during this stage in 
development. It is not likely to represent a progressive reduction in 
aerobic metabolic reserves over the initial period because these are 
known to be minimal in Q.=._ my kiss alevins ( Wieser et al. 1 1985) . The 
lack of effect on growth during the earlier period of development may 
result from the low aerobic demand during the initial period of 
endogenous feeding. Sustained activity by the larvae during this period 
is principally anaerobic ( Wieser et al. 1 1985) so any aerobic demand will 
generally be for growth and tissue metabolism. 
Analysis of the weight length relationship for the two groups shows a 
diphasic allometry for the hypoxic reared larvae. The inflexion point for 
this change occurs at approximately 23 mm in length. There is a 
significant increase in the weight per unit length after this period. 
This change in length weight relationship has also been demonstrated in 
other species ( Florez 1 1972) . It may reflect an increase in the efficiency 
of yolk utilisation which has been observed in other studies on hypoxic 
development in salmonids (Hamor & Garside 1 1977; Gruber & Wieser 1 
1983). It may also reflect a general stunting of the fish under the 
hypoxic regime with a difference in the rates of development of length 
and weight under reduced growth. There is a significant reduction in 
the variation in the length weight relationship for the hypoxic group 1 
this suggests less scope for increased growth of individuals producing a 
more uniform length weight relationship . 
Gill Area. 
Analysis of gill lamellae recruitment shows a significant difference 
between the two groups when a similar size range of animals was used. 
There is an increase in filament recruitment for the hypoxic group up 
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·, 
to 58 mg in weight. The recruitment then falls and is significantly less 
than the normoxic group. A similar situation occurs when length related 
lamellae recruitment is compared. The hypoxic group do not show a 
triphasic allometry but this is likely to be a result of the reduced size 
spectrum for the hypoxic group. McDonald & McMahon ( 1977) found a 
reduced level of lamellae recruitment in ~ alpinus reared under hypoxic 
conditions after 15 days. The development rate in ~ alpinus appears to 
be slower than for Q:_ my kiss, however no initial increase in the rate 
was noted. This may be because the lower oxygen tensions used by 
McDonald & McMahon ( 1977) with the larvae exposed to 25% air 
saturation. This lower oxygen tension is likely to have more profound 
effects on the development of the larvae during their early 
development. In the current study the higher level$ of air saturation 
may allow the larvae to increase the rate of branchial development, but, 
as the metabolic demand of the larvae increases the scope to increase 
branchial development would be reduced until the rate of development is 
lower than for normoxic larvae. 
Comparison of the rate of development of the bilateral lamellae surface 
area shows an obvious difference between the two groups. There is a 
significant change in the allometric relationship for the hypoxic group 
at approximately 45 mg, there is no similar change in the normoxic 
larvae, the inflexion in this rate occurring much later at approximately 
156 mg. A similar situation is also found in the length dependent 
development of the mean lamellae area. Both groups show a diphasic 
allometry but the point of inflexi~n occurs at different sizes and there 
is an increase in the rate of development in the hypoxic group while 
there is a decline in the normoxic rate of development. McDonald & 
McMahon ( 1977) found a similar expansion in individual lamellae surface 
area after 47 days of hypoxia in S. alpinus. The change occurs far 
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more rapidly in the current study with Q.:_ my kiss. This may be a result 
of the higher oxygen tension used in the current study or the more 
rapid development which occurs for Q.:_ mykiss. 
The rapid increase in mean lamellae surface area is likely to compensate 
for any reduction in lamellae recruitment for hypoxic fish. The stimulus 
to increase the mean individual lamellae size may be the increased 
cardiac output which occurs in salmonid alevins under moderate levels 
of hypoxia (Holeton, 1971; Peterson, 1975; McDonald & McMahon, 1977). 
The rapid development of the mean lamellae surface area for the hypoxic 
reared fish is an obvious adaptation to increase the branchial surface 
area. The significance of the increase in lamellae area however, may be 
an adaptation to develop a functional gill sieve as rapidly as possible. 
The development of the lamellae is an essential component for this 
process. 
Analysis of the gill area for the two groups of fish shows a significant 
difference in the rate of development with the hypoxic fish having a 
higher rate of development. Comparison of size dependent development 
of the gill area in this study is more appropriate than an age 
comparison because the relationship between metabolising tissue mass, 
stage of development and respiratory development are the important 
criteria in this study. The reduced rate of development and growth of 
the fish due to hypoxia has been extensively investigated (review by 
Romborough, 1988b) and there is a significant difference in the mean 
gill area of the two groups from approximately 55 mg in size. McDonald 
& McMahon (1977) found the gill area of .§..:_ alpinus to generally be 
retarded in hypoxic reared fish, however, by 47 days the total lamellae 
area there was no significant difference between the normoxic and 
hypoxic reared fish. This was due principally to the increase in mean 
lamellae size in the hypoxic larvae. Comparison with the present study 
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shows that the gill area for Q_:,_ mykiss reared under hypoxic conditions 
is higher than fish of equivalent size reared under normoxic conditions. 
The study carried out by McDonald & McMahon (1977) compared fish of 
equivalent age. If fish of equivalent size are compared from their 
study 1 mean weight 75 mg 1 normoxic larvae have a mean total lamellae 
area of 1.1 mm2; hypoxic larvae have a mean total lamellae area of 3. 0 
mm2. It is apparent from this comparison that the lamellae area for 
these fish is higher in the hypoxic group and therefore shows a similar 
relationship to that found for Q_:,_ mykiss . 
The comparatively rapid development of gill area under hypoxic stress 
and the weight dependent relationship for these fish suggests that 
metabolic resources are diverted into increased gill development rather 
than somatic growth for these fish. The diphasic allometric relationship 
is apparent for both hypoxic and normoxic reared fish 1 the point of 
inflexion occurs earlier with respect to increasing size in the hypoxic 
fish than the normoxic fish. 
Erythrocyte Analysis 
From this analysis there is an apparent reduction in the rate of removal 
of larval erythrocytes in the hypoxic fish with respect to time. There is 
no significant difference in the weight or length dependent relationship. 
This would mean that the level of larval erythrocytes remains high in 
the hypoxic reared larvae 1 this may be linked to the probable inhibited 
development of oxidative musculature in these fish. The apparent 
retention of the larval erythrocytes may simply be a function of the 
reduced development of adult erythrocytes which would maintain a 
relatively high proportion of the larval erythrocytes during this period 
of reduced adult type erythrocytes. The high proportion of larval 
erythrocytes would allow the blood to retain its ability to operate under 
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reduced pH levels which are likely under hypoxic conditions. The 
removal of the erythrocytes does however, continue in relation to the 
increase in size and is not affected by the hypoxic conditions. The 
mode of removal of these cells is not simply deterioration through age 
as the retention by the larvae exposed t<? hypoxia suggests some form 
of active removal during normoxic conditions which is reduced under 
hypoxic conditions. There was no apparent reduction in the level of 
respiratory pigment circulating in the blood as was found for Ictalurus 
punctatus (Carlson et al., 1974). In the case of the latter this may 
have been a result of the incubation of these fish under hypoxic 
conditions from eggs. This earlier exposure may have resulted in 
reduced levels of development of the haemopoeitic sites during 
embryonic development. 
Yolk Sac Vasculature 
From the analysis of the vascularisation of the yolk-sac there is a 
relatively rapid increase in the proportion covering the yolk-sac surface 
in the hypoxic group with a significantly increased level after 2 days of 
exposure to reduced oxygen concentration. This elevated level of 
vascularisation persists throughout the initial phase of size dependent 
yolk-sac development. The rapid decline in the level of vascularisation 
occurs in both groups of fish at approximately the same size. This 
rapid decline in yolk vascularisation is likely to be a result of 
anatomical or physiological changes which occur in both species at the 
same point in its size related development . 
The increase in the level of vascularisation of the yolk- sac has a 
number of similarities with the vascularised skin surface of amphibians. 
Burggren & Mwalukoma ( 1983) found an in cr ease in the level of 
vascularisation in the skin of larval bullfrogs when reared under 
hypoxic conditions. Larval bullfrogs were found to have a high degree 
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of morphological plasticity with respect to the development of their 
respiratory organs . The rapid increase in the level of vascularisation 
under hypoxic conditions can also be considered as an example of the 
high degree of morphological plasticity present in the vascularisation of 
the yolk-sac of larval fish. 
Garside ( 1959) noted changes in the level of vascularisation of yolk-sacs 
of lake trout (Salvelinus namaycush) reared under hypoxic conditions. 
Brooke & Colby (1980) noted a similar adaptation in Coregonus artedii 
alevins incubated under hypoxic conditions. Both of these studies 
incubated the eggs of the fish studied under hypoxic conditions and 
found an increase in the level of branching of the vitelline vasculature 
on hatching. The results of the current study suggests that the yolk-
sac vasculature of Q_:_ mykiss is flexible enough to· react to hypoxic 
conditions which occur after hatch. 
Phenylhydrazine Treatment 
Oncorhynchus mykiss 
Critical Oxygen Tension 
The phenylhydrazine treated fish demonstrate higher Pc values than 
normal fish over the whole size range of animals treated. The 
contribution which the presence of erythrocytes make to allowing 
respiratory regulation is clearly demonstrated. All fish that were 
treated survived the treatment; post treatment all the fish demonstrated 
increased buccal ventilation rates indicating that fish had undergone a 
moderate level of physiological hypoxia. New fish were constantly 
treated with phenylhydrazine to avoid morphometric adaptation to occur 
after a prolonged period without respiratory pigment. 
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The change in Pc during development follows the general form that was 
observed for the normoxic fish. There is a rapid decline from hatch to 
approximately 120 mg, the rate of decline for the treated fish is not as 
fast, the Pc for fish of similar size remaining higher in the treated 
group throughout this period. The similarity in the weight dependent 
Pc relationship shows that the morphological or physiological changes 
which take place to reduce the Pc during development are taking place 
in both groups of fish. However, the level of effectiveness of these 
changes is reduced in the absence of respiratory pigment. 
One surprising factor is that the larvae show only minor symptoms of 
physiological hypoxia after the removal of the respiratory pigment. This 
has also been noted in ~ my kiss by other workers (e.g. Holeton, 
1971; Iuchi, 1985). The presence of haemoglobin in these fish appears 
to be a respiratory reserve and is more likely to be an adaptation to 
the environments in which these alevins would normally hatch. The 
early development of haemoglobin in demersal eggs and larvae has been 
observed by other authors and has led Balon to use this as a factor in 
classifying fish into reproductive guilds ( Balon 1975). 
The compensatory physiological changes which occur in the alevins on 
removal of the respiratory pigment are likely to be identical to those 
which are induced by moderate hypoxia, these include increased 
ventilation of the buccal cavity, an increase in heart rate (Holeton, 
1971) and increased beating of the pectoral fins (Peter son, 1975) . In 
adult fish severe anaemia is totally compensated for by increased 
cardiac output ( Cameron & Davis, 1970) . Induced reductions in the 
haematocrit in Platichthys stellatus shows reductions in the partial 
pressure of oxygen in the venous blood but no change in the arterial 
blood. Changes in the arterial partial pressure induced increased levels 
of cardiac output to compensate (Wood et al. , 1979). 
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The ability of the alevins to compensate for the loss of the respiratory 
pigment suggests that they are able to increase cardiac output to 
compensate for this loss with increases in ventilation of the gills and 
other respiratory surfaces. Analysis of the data for fish over the 100 
mg shows that the difference in the Pc for treated and untreated fish is 
generally less than for smaller fish. This may be a consequence of the 
rapid development of the gills prior to this point, the development of a 
fully functional gill and gill sieve is likely to allow increased respiration 
because of the reduced diffusion distances present in the gills. The 
greater level of affect by the phenylhydrazine in the alevins further 
suggests that the role of the respiratory pigment is for greater 
respiratory capacity under hypoxic conditions rather than during 
normoxic conditions . Cutaneous respiration for the smaller fish is likely 
to rely on haemoglobin to generate increased diffusion gradients for 
efficient gas transfer because of the higher diffusion distances 
involved. The rapid decline observed in both groups during the period 
of endogenous feeding is likely to be a result of the rapid development 
of the gills in these fish. 
Routine Oxygen Consumption 
Comparison of routine oxygen consumption for the treated and untreated 
fish shows a significant difference between the two groups in the range 
50 to 100 mg. The treated fish have lower levels of routine oxygen 
consumption during this size range. It was noted that these treated 
larvae showed reduced rates of spontaneous activity compared to the 
untreated fish. It seems likely that the removal of the respiratory 
pigment during this period of development reduced the aerobic scope 
for activity and so the fish remain relatively inactive to conserve 
aerobic capacity. Fish smaller than 50 mg however, show no changes in 
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the their routine oxygen consumption. This would suggest that the 
respiratory pigment is not essential to meet the aerobic demand in these 
fish under normoxic conditions. 
Specific Oxygen Consumption 
The results of the specific oxygen consumption analysis shows that the 
treated fish have a reduced specific oxygen consumption in the range of 
30 to 120 mg 1 (see Fig .126) this is likely because of the reduced 
activity in the treated fish. This adds more evidence to to the 
suggestion that the peak in specific oxygen consumption rates during 
this period is due to increases in swimming activity and an increase in 
the contribution from oxidative musculature. Fish over this size show no 
significant difference in the specific oxygen consumption which may 
suggest that other morphological changes have occurred in the fish to 
increase the aerobic efficiency of swimming. This may be linked to the 
filling of the swim bladder of the fish which would increase the positive 
lift for the fish 1 allow easier movement and reduce the need for 
muscular activity to maintain station in the water column. 
Scophthalmus maximus 
The analysis of critical oxygen tension for S. maximus treated with 
phenylhydrazine (see Figs. 127 & 128) clearly shows a critical period in 
their development at approximately 9. 5 to 15 mg in size. During this 
period of development the importance of the respiratory pigment is 
demonstrated with complete mortality of the fish treated in this size 
range. After this period of development the Pc remains very high for 
treated fish. This suggests that the development of the respiratory 
pigment in these fish is not simply a method of increasing the ability 
for metabolic scope but is essential for development and to maintain the 
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metabolic activity of these fish. There is no significant difference in the 
Pc for treated and untreated fish in the range 50 to 100 mg. This may 
result from the increased development of the gill in this size range. 
The swim bladder is also filled in fish during this period and so the 
relative metabolic cost of swimming is reduced. 
DeSilva & Tytler ( 1973) suggested the formation of haemoglobin may be 
important in determining the change in LCSO during development for C. 
harengus and P. platessa. The latter species develop haemoglobin 
earlier in development and have increasing tolerance to reduced oxygen 
tensions during development. The current study illustrates the 
importance of haemoglobin development in S. maximus with the 
increasing aerobic metabolic activity of these fish. Kaufmann ( 1990) 
showed a significant decline in the relative scope for activity in two 
cyprinids during larval development at around 10mg. This observed dip 
in scope for activity corresponds developmentally to the period of 
mortality observed in phenylhydrazine treated §....:. maximus larvae (see 
Fig. 129). 
Routine Oxygen Consumption 
Comparison of the two groups shows a higher oxygen consumption in 
fish smaller than 10 mg in the treated group. This situation is reversed 
in fish over 10 mg. The situation which occurs for the smaller larvae 
may be a reflection of the reduced size range for this group when 
compared to the untreated group. The treatment removing fish in the 
upper limits of this size range. It may also reflect increased swimming 
activity in the larvae to maintain reduced boundary layers for cutaneous 
respiration. There may also be an increase in the metabolic demand for 
maintaining elevated levels of respiratory activity such as buccal 
ventilation and increased cardiac output to compensate for the lack of 
haemoglobin formation. Comparison of the changes in rV02 during 
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development shows a diphasic allometric relationship in both groups over 
this period. There is no significant difference between the weight 
specific exponents for the two groups. 
Specific Oxygen Consumption 
The changes in specific oxygen consumption during development show a 
diphasic allometry in both groups 1 the initial period for both groups 
does not significantly differ from 0 which suggests no change in the 
mass specific oxygen consumption during this period of development. 
There is no significant difference in the mass specific exponent between 
the two groups over the size range studied. There are periods in this 
development however 1 when significant differences occur. There is a 
greater level of variation in the untreated group compared to the 
treated group 1 this may represent an increased level of aerobic 
metabolic scope for this group compared to the treated group. 
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A Comparison of Critical Oxygen Tension for 
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Routine Oxygen Consumption for S. 1'1\aximus 
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Specific Oxygen Consumption for S. maximus 
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GENERAL DISCUSSION 
From the results in Chapter 1 the metabolic oxygen demand of both 
species has been shown to increase during development. Both species 
show the highest rate of increase in aerobic metabolic activity during 
the early stages of larval development. Reviews of similar studies on 
other species also show a such trend (Romborough, 1988b; Oikawa, et 
al., 1991). The possible reasons for this have been extensively 
discussed in Chapterl. 
The mass specific oxygen demand (specific rV02) over the 
developmental period studied does shows a quite different relationship 
when the two species are compared. There is a peak in the specific 
rV02 for Q:_ my kiss halfway through endogenous feeding (see Figs. 25 
& 95) , whilst no such peak occurs in the early development of S. 
maxim us (see Fig. 27) . There is, however, a period when there is no 
change in the specific rV02. Both these situations differ from the 
relationship found in juvenile and adult fish where there is an 
allometric decline in specific rVO 2 with an exponent of -0.3. The peak 
in this rate found for Q.=.. mykiss indicates that there is a period of 
increasing metabolic activity within the tissues of the larvae. One 
likely explanation for this is that the rate determined in this study are 
routine rates and so activity and the metabolic consequences for that 
activity are an integral part of the value measured. It is known that 
Q:_ mykiss larvae do go through a period of increased activity as the 
yolk-sac is used up prior to swim-up . (see Fig . la) 
In contrast the smallest larvae of S. maximus are first feeding and 
have used up the majority of their endogenous feeding reserves. The 
differences between the two species are therefore likely to reflect the 
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longer period of endogenous feeding in 0. my kiss. Data from the 
literature on P. major during the yolk-sac period show a similar rapid 
increase in the specific rVOz ( Oikawa et al. , 1991) . !:.:_ major is a 
marine species with a pelagic larval stage similar to S. maxim us. The 
rapid increase in metabolic activity may be a characteristic feature 
during the period of endogenous feeding in many species of fish. 
These peaks in specific rVOz in other species occur over short periods 
of time and occur in species with a greater dependence on aerobic 
metabolism than 0. my kiss. This may be explained by increases in the 
activity of these larvae or repayment of oxygen debt which the embryo 
incurred prior to hatch. 
If the period of metabolic activity is compared after endogenous 
feeding, there is a general decline in 0. my kiss to a level similar to 
that found in adult fish (see Fig. 133) . This is not the case for S. 
maximus, there is no decline in the rate during the period of first 
feeding (see Fig .134) . This may be a function of pelagic larvae's 
dependence on aerobic metabolism for activity during this period. The 
presence of the "red layer" and the absence of well developed 
glycolytic enzyme levels in pelagic larvae have been well documented in 
freshwater cyprinids (El Fiky & Wieser, 1988; Hinterleitner et al., 
1989) and a similar situation is present in marine pelagic larvae 
(Batty, 1984). This reliance on aerobic metabolism for activity may be 
reflected in the lack of change in specific rVOz during early 
development for these larvae. 
The changes in critical oxygen tensions (Pc) during development for 
the two species of fish are remarkably similar considering the 
differences between the two species (see Figs. 14 & 16). Both species 
show a decline in the Pc but in ~ maximus . this decline is delayed 
and does not occur until feeding is well under way. In the case of 0. 
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my kiss the decline in Pc starts immediately post-hatch. The differences 
in the timing of the onset of this decline in Pc is probably. a result of 
different morphological and physiological changes during the 
development of the two species. 
If the results from the respiratory surface area study (see Figs. 59 & 
65) are related to the development of the Pc (see Figs. 15 & 18) in 
both species a relationship between the decline in Pc and the 
development of the gills is apparent. The rapid decline in Pc coincides 
with the rapid development of gill area during the same period of 
development. If the species are compared (see Fig. 134), the delay in 
gill development in §.:_ maximus is also reflected in the delay in decline 
in Pc for this species, the onset of the decline in S. maxim us 
coincides with the appearance of secondary lamellae in the gills of the 
larvae. 
The significance of Pc values and their implications for the two species 
are likely to be different because of their lifestyles. In the case of Q...:_ 
mykiss the fish is still feeding endogenously during the period of high 
Pc levels. Thus, any exposure to oxygen tensions below the Pc will 
result in reduced oxygen uptake by the fish. However, the 
consequences are likely to be reduced development and activity. The 
decreases in activity will not have any major effects on the larvae as 
there is no requirement for the larvae to find and capture food. In 
the case of §.:_ maxim us, reduced oxygen tensions below the Pc will 
have far more wide reaching effects. Similar effects will occur to those 
experienced by Q...:_ mykiss but the reductions in activity will have a 
far greater impact on S. maximus larvae because they are feeding 
exogenously and will result in decreased feeding and increased chance 
of starvation. The behaviour of the larvae is more likely to be affected 
by a slight drop in oxygen tension and decreased feeding effectiveness 
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is likely during the initial stages of first feeding when Pc levels are 
high. 
It is apparent from this that for the successful rearing of S. maximus 
larvae oxygen tensions in the holding facility must be maintained at a 
high level, well above the Pc, for the initial stages of first feeding. 
The use of aeration in these facilities to maintain high oxygen tensions 
often results in high levels of turbulence and the disturbance of the 
larvae in the water column. This unnecessarily increases the activity 
of the larvae, increasing the metabolic rate. Vigorous aeration can 
often result in damage to the larvae by the ascending bubbles. The 
aeration must therefore be isolated from the holding facility to prevent 
this. Recent successes in the use of "greened" rearing facilities in the 
rearing of marine larvae may well be explained partly by the 
maintenance of high oxygen tensions by the algae throughout the 
system, well above the Pc of the larvae. 
From the above discussion the development of the respiratory system 
may also be linked with the metabolic capability of the larvae in both 
species. The other respirometry measurements can also be compared 
with the state of development of the respiratory system and possible 
links made with the changes in metabolic activity made. Links between 
the changes in the rV02 and changes in the gill development are not 
directly apparent in either Q:_ mykiss or ~ maximus. The point of 
change in the allometric relationship for these two parameters during 
development loosely coincide but there is no direct link at a specific 
point in development. In 0. mykiss the change in metabolic rate (see 
Fig. 25) occurs earlier than the change in gill area (see Fig. 59) , this 
may be associated with the development of aerobic metabolism in the 
larvae. The changes in the two parameters is more closely linked in S. 
maximus possibly a result of the greater dependence of these larvae on 
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aerobic metabolism during early development. The closer relationship 
between in respiratory development and gill area may also be a 
consequence of the changes in the "red layer" and its function in 
metabolic activity and respiration. 
In ~ my kiss the initial high rate of specific rV02 (see Fig 25) occurs 
over the same period of development as the rapid increase in gill 
development (see Fig. 59) Other body areas are probably also involved 
in respiration during this same time 1 these include the yolk-sac 1 body 
and fin areas. The reasons for the rapid increase in specific rV02 has 
been discussed in some detail and increases in activity appear to be a 
major contributor to this increase. The peak in the specific rV02 (see 
Fig 25) occurs at approximately 70mg in body weight for ~ my kiss 1 
this is also the same point in the development of the larvae when the 
yolk-sac undergoes a change in its rate of decrease in size (See Fig. 
133) . The rate of decline up to this point is far less rapid than after. 
The peak in specific rV02 may reflect the maximum level of metabolic 
intensity required for activity in the larvae 1 after this point the 
weight of the yolk-sac declines rapidly 1 resulting in less energy 
required for movement of the larvae. The development of the swim 
bladder during this same period (Tait 1 1960) allows the larvae to 
decrease the metabolic energy required for maintaining itself in the 
water column and therefore allow more metabolically efficient swimming 
activity. 
Prior to 70mg 1 the aerobic metabolic demand is relatively low with 
respect to the small mass of the larvae. It is known that the level of 
oxidative enzymes present in the larvae is low (Forstner et al. 1 1983) 1 
suggesting a reduced level of aerobic metabolism for activity. This may 
well be an adaptation to the environmental conditions which may be 
experienced by the larvae under natural conditions. Salmonid larvae 
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develop in gravel beds which may experience periods of environmental 
hypoxia (Peterson, 1975), the utilisation of anaerobic metabolism for 
movement and possibly water current generation would allow the larvae 
to exploit the oxygen available more efficiently and also divert the 
available oxygen to development rather than activity. The presence of 
larval haemoglobin aids this process by being unaffected by the 
decrease in pH of the plasma which is a consequence of anaerobic 
metabolism. 
The development of the gills, which occurs rapidly over the whole 
period of endogenous feeding, allows an increase the ability of the fish 
to regulate respiration more effectively. This increases oxygen 
availability within the fish even under reduced oxygen tension. This is 
evident in the decrease in the Pc levels, a change which occurs at the 
same time as an increase in the development of oxidative enzymes 
present in the larvae, and therefore an increase in the level of aerobic 
metabolism in activity. 
The apparent prioritising of oxygen for growth and development rather 
than activity in Q=._ mykiss is a consequence of the potential oxygen 
limitations in its natural environment over this period of development. 
The reliance on cutaneous respiration over this same period is also an 
adaptation to reducing the metabolic cost of respiration during early 
larval development. The increase in buccal ventilation during 
environmental hypoxia exposure indicates that energy is diverted to 
respiratory systems. The gills will operate more efficiently than simple 
cutaneous respiration under reduced diffusion gradients because of the 
lower diffusion distance present in the gills. The reliance on cutaneous 
respiration and buccal ventilation by the pectoral fins during normoxic 
conditions appears to be simply a method of keeping metabolic costs to 
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a minimum during early development, rather than an essential 
requirement to allow sufficient oxygen uptake. 
The rapid development of the gills occurs beyond the period of 
endogenous feeding, the point of inflexion in the allometric relationship 
for ~ my kiss occurs at approximately 110 mg. (see Fig 59) The fish 
is free swimming and actively seeking food. The swim bladder has 
been filled and normal swimming behaviour is fuelled aerobically 
(Wieser & Forstner, 1986). This initially rapid increase in metabolic 
activity may be a result of the continually developing aerobic metabolic 
enzyme levels during this same period (Forstner et al., 1983). The 
change in the allometric relationship has previously been identified in 
~ mykiss by Hughes and AI Kadhomiy (1988) from data by Morgan 
(1971). The inflexion in the rate is a direct result of a decrease in 
the size related rate of lamellae recruitment. The initially rapid 
increase will replace the diminishing yolk-sac and its decline in 
efficiency as the skin epithelium thickens. 
The increases in aerobic metabolism for activity and an increase in the 
fishes demand for respiratory flexibility to meet that need favours the 
initial rapid development of the gills. The fish undergo large increases 
in their scope for activity during this period (Wieser, 1985) which may 
be necessary for food acquisition and predator avoidance. 
Development of mass specific aerobic metabolism in S. maximus remains 
constant over the early period of development with no characteristic 
decline which is present in juvenile and adult fish. This changes after 
the fish has reached 6mg in weight. Beyond this point there is a 
general decline in the specific rV02. The cutaneous respiratory 
surfaces during this initial period of development show high mass 
specific values. Gill development is poor with no formation of 
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secondary lamellae in the gill until the fish has reached lmg in weight 
(see Fig. 61). 
The lack of gill development in the smallest larvae means that 
respiration in these fish is cutaneous, the fins and body providing the 
main surface areas. Analysis of the thickness of the integument of 
these sites shows that during the early development the diffusion 
distances are low in these areas especially the fins. The developmental 
change in the fins is slower during the initial period of development, 
this results in high mass specific areas for these surfaces with only 
slow changes in the thickness of the diffusion distance, thereby 
promoting cutaneous diffusion at the body and fin surface. 
The lack of any respiratory pigment in these fish necessitates low 
diffusion distances across the integument to compensate for the 
reduced diffusion gradient. Boundary layers at the skin are disrupted 
by pectoral fin movement and active swimming. These adaptations allow 
adequate diffusion of oxygen to meet the respiratory demands of the 
larvae. The Pc over this period for §_.=_ maxim us are high, with a poor 
ability to regulate the level of respiration. The decline in Pc occurs 
with the development of the gills and the appearance of haemoglobin in 
the circulatory system. The specific rV02 declines in a similar manner 
to the juvenile and adult fish after the larvae reaches lOmg in size. 
This corresponds to a change in the rate of development of the fins 
and body with the individual fins differentiating from the median fin 
fold. 
A comparison of the changes in aerobic metabolic activity in the two 
species shows both species increasing the overall level of aerobic 
metabolism. The differences in specific rV02 can be explained by 
adaptations to differing environmental demands during the early 
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development of these fish. 0. mykiss hatches with a low aerobic 
metabolic demand for activity 1 this progressively increases with the 
development of the gills. The initial requirements for activity in this 
species is also generally low. S. maximus has only a short period of 
endogenous feeding 1 during which time the pectoral fins develop 
rapidly. Metabolic activity is probably mainly aerobic with low capacity 
for anaerobic metabolism during early life. Activity after the period of 
endogenous feeding is required for prey capture 1 predator avoidance 
and decreased boundary layers. This latter function is far more 
important in §...:._ maximus than Q.:_ mykiss where because of the lack of 
gill development 1 cutaneous respiration plays a far more important role 
in initial respiration in §...:._ maximus. §...:._ maxim us larvae are unlikely to 
experience reduced environmental oxygen tensions in their natural 
habitat. The capacity of respiration under reduced oxygen tensions is 
therefore less in this species with exposure reducing survival 
indirectly because of reduced feeding efficiency. 
The ability to increase aerobic metabolic scope is important for both 
species as soon as they are actively feeding 1 the rapid development of 
the gills is therefore important to both species. In §...:._ maxim us the gill 
development shows a diphasic allometric relationship with the point of 
inflexion occurring at a time when the fish is adopting a more active 
swimming pattern. The rapid expansion in the gills will give the larvae 
the increased capacity to cope with rapid changes in aerobic 
metabolism to fuel increased levels of activity. 
This point in development coincides with a reduction in the mass 
specific fin and body areas and a change in the aerobic musculature of 
the larvae (see Fig. 134) . The changes in the musculature and the 
thickening of the integument reduce the efficiency of cutaneous 
respiration. To compensate for this loss of efficiency and an increasing 
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oxygen demand from the tissues remote from the body surface, the 
rapid development of the gills is necessary. The development of the 
gills and the decrease in efficiency of cutaneous respiration are more 
closely linked in S. maximus presumably because of the greater 
dependence on aerobic metabolism. 
The presence of the larval haemoglobin in 0. my kiss during 
endogenous feeding will aid the distribution of oxygen within the fish, 
its low pH tolerance and lack of Bohr shift will aid this process 
especially during high levels of anaerobic activity. The higher oxygen 
affinity of larval haemoglobin would aid cutaneous diffusion in these 
larvae where there are larger diffusion distances than in branchial 
respiration . The decline in larval haemoglobin is closely related to the 
decline in the yolk-sac of the fish; the functional effectiveness also 
follows a similar pattern over the same period of development. The key 
developmental period for this larval haemoglobin is during the latter 
stages of embryonic development when 
oxygen diffusion is limited by the 
(Romborough, 1989). 
high oxygen 
presence of 
demand and 
the chorion 
Once the proportion of the larval haemoglobin has dropped below a 
functional level, the effectiveness would be superseded by the adult 
haemoglobin in a similar way to the role of the yolk-sac being 
superseded as a respiratory surface by the gills as the surface area 
declines and the epithelium thickness increases . 
The appearance of haemoglobin in ~ maximus is earlier than in some 
other pelagic larvae (e.g. Clupea harengus DeSilva, 1974). The 
haemoglobin allows more efficient transport of oxygen and carbon 
dioxide within the body of the larvae. The development of respiratory 
pigment also gives the larvae increased efficiency in both branchial 
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and cutaneous respiration by increasing in the diffusion gradient in 
these areas. 
The study of the effects of hypoxia on Q.:_ mykiss clearly illustrate the 
species tolerance to reduced environmental oxygen levels over the 
period of endogenous feeding. It is unfortunate that the possible 
consequences for later development cannot be inferred because of the 
early termination of this study. It is apparent that the initial impact of 
the hypoxia is generally slight with little retardation of growth. 
However 1 as the period of endogenous feeding ends and there is an 
increase in the aerobic metabolic activity the retardation of growth 
becomes more pronounced (see Fig. 102) . It is possible that this may 
also be a delayed expression of the earlier effects of the hypoxia. The 
importance of aerobic metabolism does become more significant in later 
development in these larvae and it seems likely that the more 
pronounced retardation of growth reflects the increased demand for 
aerobic activity and increased maintenance metabolism. Therefore 
hypoxic conditions have a larger effect on the growth of the larvae 
over this period. The lack of retardation early in the period of 
endogenous feeding is similar to the effects of hypoxia on embryonic 
development with little retardation early on. However 1 as development 
progresses the effects of the reduced oxygen tensions increases 
progressively (Garside 1 1966; Hamor & Garside 1 1976). 
The developmental changes which occur in the respiratory system 
under hypoxia occur earlier after the onset of hypoxic conditions 1 
thus allowing greater respiratory compensation for the reduced oxygen 
tension. The rapid development and expansion of the secondary 
lamellae in hypoxic reared larvae shows a different rate of development 
from normoxic fish. The changes in respiratory development in hypoxic 
reared fish clearly illustrates the requirements of the early larvae to 
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develop a large efficient area of gill surface. It also illustrates the 
developmental flexibility of the respiratory system in these larvae (see 
Fig. 135). 
The temporal delay in the decline of the larval erythrocytes in larvae 
reared under hypoxic conditions indicates a delay in the removal of 
the erythrocytes or a delay in the formation of adult type 
erythrocytes. The lack of any significant difference in the size 
dependant relationship for normoxic and hypoxic reared fish in this 
respect suggests that retention of the larval haemoglobin is of no 
advantage to the fish over this stage of development under hypoxic 
conditions. 
The exposure of the larvae of 9..:_ mykiss to phenylhydrazine produces 
a significant drop in the larvae's ability to regulate its respiratory 
system. In any species the significance of the respiratory pigment is 
difficult to assess. In 9..:_ my kiss there is a clear reduction in the Pc 
for the treated fish. Regulation of respiration is still possible in 
treated fish, and the ability for regulation increases with size and 
development. The increase in Pc which occurs in treated fish remains 
relatively constant over the range of sizes studied. This suggests that 
the effectiveness of the system has been impaired but changes in the 
haemoglobin over this same period are not responsible for the rapid 
size dependant decline in Pc in the untreated fish. This increased 
ability reflects the increased role which the gills play in respiration as 
the fish develops. The rapid reductions in Pc can be directly related 
to the development of the gills over the period of endogenous feeding. 
The changes in the haemoglobin types which occurs in untreated fish 
over this same period has little effect on the Pc. The role of the 
larval erythrocytes during this stage of development is likely to be in 
efficient oxygen delivery under reduced physiological pH because of 
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anaerobic metabolism. The continued survival of the treated fish 
confirms that the role of the respiratory pigment is a supportive one 
which gives the larvae extra respiratory flexibility under periods of 
reduced oxygen tension. 
In S. maxim us there is period of development where the presence of 
haemoglobin is essential for continued development. This is reflected in 
the high mortality over the size range of 7-12mg. where treatment 
results in total mortality. The effects of treatment with 
phenylhydrazine show that all the respiratory surfaces of the larvae 
are working close to their maximum potential during this period. The 
removal of the respiratory pigment which has only recently developed 
reduces the respiratory potential below the respiratory demand of 
these larvae and mortality is the outcome. The development of the 
respiratory pigment in these fish is not simply a response to the 
demand for increased respiratory flexibility but an essential component 
of the respiratory systems ability to meet the normal respiratory 
requirements of the fish. 
The survival of treated fish after this period suggests that the 
respiratory system develops to give sufficient flexibility to allow 
respiratory compensation for the removal of the haemoglobin. In adult 
fish the compensatory changes which occur are related to increases in 
cardiac output (Wood et al., 1979). The changes which occur in the 
vascular system in the larvae over the sensitive period are small and 
are unlikely to be the sole reason for the increased respiratory 
capacity. The rate of development of the gills during this same period 
is very high, the occurrence of this sensitive period towards the end 
of the first allometric development period demonstrates the fishes need 
to develop the gill area as rapidly as possible during early 
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development, hence the diphasic relationship in gill area in relation to 
size. 
In contrasting the two species and the effects of phenylhydrazine it is 
apparent that no sensitive period in the development of Q.;_ mykiss 
occurs if the respiratory pigment is removed. This difference in the 
sensitivity reflects the increased branchial respiratory development in 
Q.:_ my kiss compared to S. maximus. It also reflects the lower level of 
dependence on aerobic metabolism of 0. my kiss during early 
development. The presence of haemoglobin in larval 0. mykiss is an 
important adaptation to the environment in which the eggs and larvae 
exist. This is not the case in S. maximus where the appearance of 
haemoglobin is an essential component in the respiratory system during 
early development and supports the function of the respiratory 
surfaces and the circulatory system. S. maximus is far more dependant 
on aerobic metabolism for activity, and reductions in activity have 
respiratory consequences for the efficiency of cutaneous respiration in 
these fish. 
The period of transition which the respiratory development undergoes 
during the early development of both species can also be compared in 
relation to the potential for the occurrence of a "critical period". 
Critical periods are normally considered to occur during just such 
times of change either in feeding or development. In the case of 0. 
mykiss the possibility of a period of early development when the larvae 
would be sensitive to reduced oxygen tensions is not apparent from 
this study. The evolutionary pressures on this species would also 
select against this because of the nature of the environment the larvae 
would normally experience. This is not the case for ~ maximus, these 
larvae normally experience environments which remain well oxygenated. 
The evolutionary pressures on this species are more likely to be 
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increased speed of development for predator avoidance and increased 
feeding efficiency. The period of reduced survival illustrated by 
treatment of the larvae with phenylhydrazine suggests that the 
respiratory capacity of the larvae over this period is working close to 
the normal metabolic demand of these larvae. The ability of the 
untreated larvae to regulate its respiration under reduced 
environmental demands for this period continues to increase. However, 
this may well be at the expense of feeding activity. The effect of this 
would be to reduce the chances of survival of these larvae. To allow 
maximum feeding efficiency for these larvae the oxygen tension at this 
stage of development should be maintained at a high level in a culture 
system. Reduced oxygen tensions during this period may have greater 
consequences for the continued survival of the larvae, this period of 
development could therefore be described as a "critical period". 
A summary of the various morphological and respiratory factors is 
shown for 0. my kiss and S. maxim us in Figures 133 and 134 
respectively. These show in relation to each other the points at which 
changes in the size specific development occur. Figure 135 shows a 
similar diagram for the development of 0. my kiss under normoxic and 
hypoxic rearing conditions. Figure 133 clearly shows the changes in 
fin; body and yolk-sac area as well as a change in the specific oxygen 
consumption all occur at approximately the same time. The change in 
gill area coincides with a change in the critical oxygen tension. 
This study has followed in detail the respiratory surfaces and 
respiratory demands of two very different teleost fishes. It has 
illustrated the very different larval development strategies of these 
two species with ~ maximus being pelagic and highly dependant on 
aerobic metabolism. Q.=.. mykiss on the other hand has a benthic larval 
stage with a prolonged yolk-sac and poorly developed aerobic 
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metabolism during the early stages of development. Considering these 
very different life histories both species undergo similar changes in 
their respiratory systems during these early development stages. 
In summary the key factors illustrated in this study are firstly the 
significance of respiratory pigment to the two species with §..=.. maximus 
highly dependant on the development and presence of haemoglobin 
during larval development. The other point is the flexibility of 
respiratory development in 0. my kiss especially under hypoxic 
conditions with an increase in the development of the branchial 
respiratory and the changes in yolk-sac vasculature system under 
hypoxic conditions. 
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APPENDIX A 
Appendix A 
Table Al. Plymouth Water Quality Perameters. 
A Summary of Water Quality Conditions Maintained in the Recirculation 
System used to Rear Q=._ my kiss. 
pH 6 . 8-7.2 
Hardness* 90-110ppmCaC03 
NH3 < O.OOlppm. 
N02 <O.OOlppm 
N03 <10ppm 
Oxygen >95% Saturation. 
* Hardness of the Mains Water increased by filtering through limestone 
chippings. 
The analysis of the surface areas and respiratory measurements during 
this study was carried out using Chart, a computer software package. 
This allowed the plotting of the data generated in this study as well as 
statistical analysis on the progressive relationships through development. 
A variety of mathematical models could be fitted to the data generated 
including log, exponential, power and simple linear. The "goodness of 
fit" could be determined by calculated r2values from the same analysis. 
In all cases the power fit relationship gave the best r2values (closest to 
1). 
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An Example of the Trace Produced by the Chart Recorder used To 
Calculate Critical Oxygen Tensions (Pc). 
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Table A2 Critical Oxygen Tensions in Relation to Wet Weight for 0. 
my kiss 
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-
E 25.7 7 .93 59 __ 1!_1_7 109 1--334-~ 
- ~ 159 3162.11 2.54 10 29.3 7~!?1 60 853 2.74 110 300.12 160 3255.18 2.S 
11 29.55 7 .38 61 83 3 4S 111 391.01 1.84 161 3581.72 202 
1-- ~~- 33.04 5Jl~ 62 891 2. _11_? 391.72 1.92 34 6 .53 t>3 917 25:: 113 39441 1.n 
14 34.62 7.02 64 95.5 2.S 114 4)0.12 -~ 1~ 36.92 6.02 S6 993 1151 45034 i3'1 
,_ _ 1€ 38.9 7.S 66 102.6 u 1161_ 462.73 2. 
1 38.9 4. 6 110.3 < 117i 400.62 2.41 
1S 39.59 6.74 68i 111.9 1.~ 118 400.62 1.99 
1~ 41 5.81 59 1122 1 .~ 119 ' 505.31 2"(fl 
-
2(] 41.3 6.34 70 1212 2.~ 1201 510.55 2.4 
-21 418 6.52 71 136.5 2.~ 121 526.38 2.31 
22 427 542 72 1402 24 1221 541 .33 24 
2;3 4.2.7 5.84 73 147 2. 123 624.37 2.64 
24 43.6 5 .71 74 148.3 2~ 124 667.77 2 84 
- -~ 43.62 52l 75 15G.6 2 1~ - 1~ 684 1_8< 44 5.01 76 1556 - 2: 126 715.62 2 .71 
2: 47.4 6 .36 77 159.~ 
-
2.~ 127 -~ - 2~ 
28 475~.94 79 17631 2l9 128 804.17 2.61 
- ~ f- 47.86 4.1S IS 189 84 l_~ -- ~~ 89[) 12 2.14 50.12 336 00 19962 2. 912 231 
31 52.3 4.75 81 200.1 1~ lSl 1(XXl.38 
- -~-' 32 52.3 3.91 az, 21173 198 132 1001.77 2.31 
- ~ !- 53.7 4.18 a:3 m .02 -~ --1UF~ - --~ I~ '-- 53.8 :; 84 230.14 2.;.2 134 1200.34 ~
35 551l2 4.53 es 2542 2.04 - - 135! 1lt'1.78 2.84 
36 56.04 3.~ 96 25€.72 214 136 1304.99 2.81 
31 5937 4.02 87 27114 1Te 137 132743 2 02 
. -
-: 60 4.23 a.a ?7265 r-- 1~ - 1~1~ --~ ~ ---ro47 3.99 89 274.35 139 1353 2cjj 
40 6J~ 3.S 00 275.64 - 2~. 140 1356.75 _£_~ . 
41 62.3 4.i 91 27S6 2 ~1 141 1416.39 199 
-- ~ _ f?.3 - ~43 ___ 92 __ 2'81 ~1 - 194 142 r- 1416.72 - 19S 63 3 1~ 93 28265 184 14..1 1454.81 274 
44 _ _§3 4. 94 ;.>85 45 ___ 1£ 144 1475~ 
-
224 
45 63.8 2.E 95 300.71 211 1~ 179633 2.91 
-
_4!) 54.~~ --~ 30332 r- 22l _ 14,_ 1~~ 2"84 -
--;m.z 1~ 4 64.54 4 m 147 1807 31 27< 
4S ~~ 4.2 98 3]16? 1 ~ l¥sl 1813.75 31 49 
-
- G4.6 4. 99 320.71 164 14 ' 1 827~§J 
-
3.01 
50 64 .7 4 1001 324 31 21 1501 1843.55 2 41 
FP.alio 
Bclween 
Slopes 
39:l.183 
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1.i2G 
BetwPen 
ln1crcepls 
357009 
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Table A3 Critical Oxygen Tensions in Relation to Wet Weight for S . 
maxim us 
-_~ 
Weight Critical Oxygen 
(IJ9) Tens1on (mg/1) 
1 500 6.5 
2 700 6.36 
., 300 6.4 
4 700 6 
5 1500 5.72 
6 1100 5.45 
7 190 5.78 
8 2300 4.82 
9 2000 5.18 
10 3400 4.9 
11 3200 4.73 
12 304 4.73 
13 3000 4.45 
14 2600 4.45 
15 3600 5.2 
16 4500 4.8 
17 4100 4.18 
18 7000 3.5 
19 8300 4.45 
20 5000 4 63 
21 6300 4.09 
22 7440 3.5 
23 7800 4 09 
24 8300 4 
25 88700 3.72 
26 11300 3.5 
27 10500 2.95 
28 12300 2.54 
29 13500 3.6 
30 14300 3 
31 16600 3.8 
32 17000 2.45 
33 16800 3.2 
34 20700 2.54 
35 27600 2.8 
36 30200 2.5 
37 34500 3 
38 37000 2.39 
39 44100 2.8 
40 44800 2.28 
41 45000 2.83 
42 49350 2.5 
43 58600 2.09 
44 75300 1.8 
45 87500 1 6 
46 121500 1.73 
47 154200 1 63 
48 166300 1.73 
49 295200 1.58 
50 359200 1 69 
-!>1 :.;~')L(n l !>4 
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Table A4 Routine Oxygen Consumption in Relation to Wet Weight for Q:. 
my kiss. 
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Table AS Routine Oxygen Consumption in Relation to Wet Weight for §..:. 
maxim us i Routine Oxygen Consumplion 1or 5. maxmws m Relation to We;ght. l 
Weight Routine Oxygen 
(m g) Consumption 
(119 0>-ygen/hour 
1 0.8 1.54 
2 1.2 247 
3 1.4 2.4 
4 1.5 4 
5 1.8 4.3 
6 1.8 3.1 
7 1.9 3.5 
8 2 3.8 
9 2 5.9 
10 22 5.8 
11 2.8 4.2 
12 3.2 8.11 
13 4.3 10.2 
14 4.3 9.4 
15 46 6.57 
16 6.8 11.4 
17 6.8 9.4 
18 7 12.7 
19 8.2 13.5 
20 8.3 18.3 
21 8.4 12.52 
22 8.7 25 
23 10.2 17 
24 10.8 12.7 
25 11 9 13.5 
26 13.7 20 
27 13.7 14.3 
28 16.2 21 .8 
29 16.66 14.3 
30 16.8 1t .4 
31 16.8 16.1 
32 16.8 16.1 
33 206 258 
34 21 23 
35 23.9 20.6 
36 27.6 20.6 
37 35.2 28.6 
38 42 01 23 4 
39 44 .8 24 
40 51 45.5 
41 56.5 41 .81 
42 62.1 58.4 
43 71 .2 34 
44 78 65.3 
45 90.7 72.6 
46 166.7 87.4 
47 181 58 9 
48 210 111 
49 359 108 
50 424 11 -'i 
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Table A6 Specific Oxygen Consumption in Relation to Wet Weight for 0. 
my kiss 
'1 
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Table A7 Specific Oxygen Consumption in Relation to Wet Weight for S. 
rnaxirnus. 
---
-
Spec~fic: O>.ygen Cor~urn ption k11 5 ma,.imus 1r1 RE-Iatior, to We1ghl 
Weight ~. pecific 0 >:ygen Consumption 
(rng) hlg Ox_11gen/ g wet we•glol/heoul) 
1 (l_fl 1925 
2 1.2 2(68.3: 
3 1.4 1714 ~'9 
4 1.5 &ffio? 
5 1.8 2~:t~:. f:9 
6 1.8 1722.2~ 
7 1.9 1842.1 
8 2 1900 
9 2 295( 
10 2.2 2K-f..:~ 
11 2.S 15Cl 
12 3.2 2534.37 
13 43 2372.ffi 
i- --14 43 - --- 21~_gi 15 4.6 1428.26 
16 6.8 1£>76.47 
17 6.8 1 ~:E:2.3S 
18 7 + - - 1814~ - ------19 E:2 1646.34 
20 8.3 22(14 82 
21 8.4 14~4E 
22 R7 :::E:73.56 
23 10.2 1666.67 
24 10.8 1175.9:. 
25 11 .9 11?4 45 
L6 13.7 1459.85 
- - - - -27 13 7 1 04~: E 
28 162 D 45.E;B 
29 16.66 C.'5E:. :-14 
30 16.f: 10~5 71 
31 16.8 9!1r' '.t':• .... .... (•.~
32 16 E: ffiE: :-c: 
33 2116 1252.4: 
- - -- --~:4 21 10~24 
?.5 ~: 9 f~l 92 
:-16 27.6 746.3t 
~:7 ~5.2 1--- - -- !-- E:-12.5 
-- ~ - - - ~t/01 42.01 
39 44 8 53571 
40 51 91176 
41 !:'.0.5 
- ~ 42 62 1 940.4:2 
43 71.2 477.5:: 
44 ?E: EC~7. 1 E 
45 9(17 ftl044 
- -
'12429 46 166 7 
47 1E:1 I ~~"141 
48 21(1 ~tlt: .57 
49 ~59 I ::(1(1.[ 
- - 50 - 4' ·A l L£.f: 87 _ .. 
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APPENDIX B 
Appendix B 
Table Bl Length Weight Data for Q..:_ myk.iss 
~ t: :)11 ~vt -1\,, l J''· 11 L g· lcr'.}'!t ""'""rtht [ ~J!t "'' 1'1t l"h.ft' ._v,.,q~ • .,.ny-·. ""l ~~ I• ":f- J ;.''""'~J .... 
rr.m~ M.1\ ~m' ;r"";n' lrnrT"' """~l "'"!!1 "T'IQ 'mm) mt"ll m•..tl (i,..~T~I J·r t' 
l:J'). 
__;~·: 
~~-1 
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Table B2 Length Weight Data for §...=.. rnaxirnus. 
-l':'eight Length Data ior S. maxim us ~- --
Length Weight Length Weight Length Weight Length Weight 
i(mm) li_mgJ_ ltmm) '(mg) [(mm) i(mgl l(mml ~rn9) 
1 318 0.3 ~1 fB 8.7 !101 11 .72 28 3 1 ol 2~ !:32 197 52 
2 3 52 0.4 52 7.94 7.4 102 11.82 32.1 152 23.05 196 3 ' 
3 3 66 0.4 53 8 8 103 11 .86 29.4 153 23.52 1725 
4 3.72 0.4 54 8.14 8.7 104 11 .89 26.6 154 23.6 200 
5 3.78 03 55 8.22 84 105 12.02 36.8 155 23.72 202.35 
6 3 84 0.3 . 56 8.36 9.2 106 12 38. 42 3 156 23.98 187 9 
7 3 84 03 57 8.44 8.2 10-r 12.58 37.9 157 24.14 166.7 
8 3 88 06 58 8.58 10.4 108 12.74 31 2 158 25.22 257.32 
9 3 89 04 59 8.64 10.4 109 12 89 42.3 159 25 43 252 6 
10 3 94 0.7 60 8.8 10.2 110 13 04 42.8 160 25 71 233 54 
11 4.04 0.7 61 8.92 13.2 111 13 1 38.9 161 25.7 tl 268.25 
12 4.06 0.4 62 8.96 12.6 112 13.18 44.8 162 26.62 260.8 
13 4.18 0.7 63 9 15 113 13.44 42.8 163 26.64 261 8 
14 4.28 0.9 64 9.1 6 12.9 114 14.1 431 l64 2.7 28532 
15 4.48 0.9 65 9.2 13.8 115 14.2 46.2 165 27.08 278.3 
16 4.62 1 2 66 9.3 14.5 116 14.82 51 3 166 27.1 254.7 
17 4 76 1.2 67 9.44 16.8 117 14.92 56 7 167 27 41 300.5 
18 4.78 1 1 68 9.54 15.7 118 18.04 56 5 168 27.54 325.14 
19 4.96 1 6 69 9.64 16.2 119 15 04 58.32 169 28.24 311.2 
20 4.98 1 6 70 9.66 17.4 120 15.36 65 4 170 28.44 352.57 
21 5.2 1.9 71 9.78 18.1 121 15.67 61.23 171 28 45 385.26 
22 5.34 1 8 72 9.78 15.4 122 15.8 72.5 172 28.86 366.5 
23 5 44 26 73 9 88 15.9 123 15.81 493 173 28 9 331 2 
z.q 0 48 1 8 {4 !:3 !:3LI 1o.r 124 1 o.;;L! ~9 Ll 1/4 2912 3!>9 2 
25 556 1 9 75 10 18 4 125 16.5 78.5 
26 5.74 2.5 76 10.02 17.1 126 16.71 71 3 
27 5 82 2.6 77 10 04 17.2 127 16.82 64 2 
28 5 88 2.5 78 10.08 19.9 128 17.01 83.6 
29 59 2.6 79 10.12 20.4 129 17.52 93 4 
30 596 2.7 80 10.28 19 4 130 17 83 85 3 
31 6 32 81 1028 20.6 131 17 83 92.57 
32 612 2.6 82 10 32 202 132 18 85.32 
33 62 3 83 10 34 20.9 133 18.27 114 2 
34 6 32 44 84 10 4 21 13Li 18.81 100.2 
35 6.34 35 85 10.41 24.1 135 18.95 105.3 
36 6.46 43 86 10.52 20 6 136 19 04 114.8 
37 6.5 3.7 87 10.64 20.6 137 19.29 112.47 
38 658 5.1 88 10.65 20.9 13& 19.37 125 3 
39 66 5 89 10 68 22 2 139 19 77 111 3 
40 67 4 1 90 10 7 25 7 140 20.29 124 3 
41 682 35 91 10 8 26 141 20 74 152 3 
42 6.92 5.3 92 10.9 23.1 ,g2 20.81 138 47 
43 7 5.1 93 10.96 30 143 20.93 156.3 
44 7.1 6.1 94 11 14 27.6 144 21 .22 162.3 
45 7 22 45 95 11 34 2.7 145 21 .73 135.4 
46 7 34 62 96 11 .34 23.6 146 21 81 175.2 
47 7 46 7 97 11 38 23 9 147 21 .84 174 3 
48 7 56 65 98 11 4 27 9 1<18 2235 161 2 
49 7 66 19 99 11 44 23.3 14S 22.43 174 65 
!>U fbB ::>~ 1UU 11 ')b £::~ . !::1 1::>U atn lb8 ~ 
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Table B3 External Surface Area Measurements for 0. my kiss in Relation 
to Length and Weight. 
l enrJih >A ''I'Jh1 f 1t1 A!'£' a Bo~ E .. 1Jmtl!~(l0 i ct.,l 
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Table B4 External Surface Area Measurements for s. maxim us in 
Relation to Length and Weight. 
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Table BS Yolk-Sac Surface Area Measurements for 0. rnykiss in Relation 
to Length and Weight. 
IYolk-S;c SLifaOE> Alea Meast..t;mE'ri~ lo1 On:xlrf¥nc/'rt£ -;nykiss 1n Rt-l:lhonj 
lo Le~h ard Weigli Comparison 
length Weighl 
(mm) (mg) 
Yolk-sac 
Alea (mm 
squared) 
Length Weigl-.1 Yolk-~ac 
(mm) (mg) Alea (mll' 
squared) I 
Surta()(' I Surtaoe 
Alea(mm IAiea(mm 
~quar ed) squarPd) 
Met.'-ood 1 Method 2 
r-J._ _ 1§LJ_2S.3 57 51 23.94 93.7 31888 LE-ngth ~t>~s:lh,__1_.....,--l I .: fSTI 24 .6 55 52 22.3 74 .8 28.65 15.7 54-2 I 1G.7 ;j7 
16.!) 2'&.9 50.34 2' 23~ 91 .8 22.14 1::. . g1 16.83 5182 
16.96 ~.w ~~~ 58 -~.34 102 4 20:43 153 si8-- --- 1654 50.34 
-,l 18.~ 36.9 :J(; til ~.o tit.ti lo.IH HLUti _46.8 1~}. ::.0 
c 16. 267 49.82 G2 "2486 108 4 12.72 16.9 51 02 18 04 50 
13 ~.1 _4~ ~ ~3 115 1~ 16.8 52 g ~ ~ 1~ ~:,4 48:/4. 0<1 25:42 119.7 -~ 1].~ - 4923 1. ~4~~  ~~5 16 23.4 48.32 65 _f4.9 1082 •utu: ---;a_.., 476 _ TI ' ~8.14 
1S 1~ ~~~4.. 4s:ss- 6S -~34 119.3 - 9.74 112 _ ~@ - __ 16~ 4&~ HT 1 8.-n<- - 36.ila 46.82 67 a>12 102 5 e .74 
HI ll.!>l1_ _3 .!S 'IO.<K O!S al.;:! IU .'.0 8 
·19 19.19 it 1.:, 4:,.14 69 L.'t>. lW.l:l I.'X 
~ .~ 41.5 ~.78 JB.. § .P2 120.4 4 . 
• £1 - ,!!.1£ 34.8 44.73 /1 "26.34 121.2 2. 
22 18.88 -~.,:J,._ ---.~-14 ?.? 26.5 i18.9 21T.3 
2'& ll:l.l8 39.u: ..  73 ~l let 
~ r-4~~ 4S:.r}- - ~*-
:& w 4l:l. 42.04 
2'i ~1 4 41.8 
){). 41.((: 
Xl.3 41 .46 
20.24 s2.7 I 40.34 
~~~ '!9.1~ 4034_ 
2() 04 1 38.9 j 39 82 
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Table B6 Gill Surface Area Measurements for 0. my kiss in Relation t o 
Length and Weight. 
Length \1/eighl Lamellae 
(rnm) frftg] NlJrnbe;s 
Larnellese GiHArea Length Werght Lamellae Lamellae GiiiArea 
/l.rea (mm (rnrn (rnrn] [mg) Numbers Area (rurn (mm 
Souaredl SQuared} Souaredl Sauared) 
5 15.7 21 ]5 656 0 .C: ll1~ !:6 JL.t:4 :-lb~.62 1K-l4 . 0.00 1 148.&1~ 
i 10.3 25.4 ft:.~ 0. J:: Ll<:'~~ 57 :{.U:-1 410.1L 1~ ~: t_[liJ 4 141 .:-® 
~: 16. / 26.9 11E:4 0. 14 14f.£ 5 24 11 510.:.6 2ln J4 [ 'L!Ol::57 172.2913 
11 17.52 30.3 20E(I LU·_ C3 0 24 t:\ ::fi. 72 541. 1 Zb 4 r. rt 14 b .Clrtb_ 
12 18 3£.4 17E'o4 0. ( 4 ll 36 E~ 41 :12 b17. :;t; 242t~ rLn02 24 .5Ib 
13 18.2 35.4 : E:7z o. lo 1.1 32 E\.3 4£.19 115. 2 24:46 00095 2.1b.m 
14 18~ 52.7 :zt:4o D 3 UH:l2 Ei4 44.42 B::-i£.14 26124 0 .a> 24-:f.K-{14 
15 u: 36 31.22 29[( 1 0. 1:1 1.45 ~ 45 912.14 ~1:.-?"J 0. 24 301 .212 
16 1 8 5 -~-1 1t:56 0. 15 0 ~: t;i 4!:..31 /!::4 2/t:40 D. I lrt 281.1 f:4 
17 1B.5 35.4 2.3t:4 (I 1t J5 1 .1~ ;., 4/.~ 1((1U.~*: lt:U.:'-4 ll. 1103 lt:8.151..12 
.1 1~ ,{ 4Z.l .C.::il.14 li.LU.Jl l J 1344 7(1 ~- 2 111 4 .:OL44 lllll24 43/.l'Ltti 
ZJ ZLI.Il 48.10 46b liUl..n 4;bb {.:3 56/5 Zlb/.Bl 4ln~:4 li.Lil34 t(£.4Rj) 
i 4 2ll.44 4t:.1 E:~~: ll.lllll'j 5.9""1 2 14 bl :-.2 Zf1Cl.31 45biZ lWLt.13 ~7.14Hi 
-~- ill b/342 ~1::11· DDOH.: 9. 146 75 lll.15 441tl~ b9/ll0 llll~ l.A>111 
<:lj £3 <:'3 &~ tb4ll Ulll!L~ 12 4(18 /8 IZJ4 ~Wl bl~•stl llll1 l:-:4 1 ;(4~UU 
.c! LJ L::l lUU 9 t:ti!::l U.ll045 .~. 924 ~ (L~tl 414t: 15 b4H1 Z lt.ll1l:tl I I~ LIZZ 
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Table B7 Gill Surface Area Measurements for S. maximus in Relation to 
Length and Weight. 
fG,u Sut!ace Alea mea:-uremc~nts fc,r S"c<.;phiha!~ous maximus in R;latieo~ tc~ 
-l 
1 
Length and Weighl 
Length Werghl Lamellae Lamellae Gill /!>Jf:a Lengtl1 Wetght Lamellae Lamellae GiiiAiea 
(rnrn) (rng) Numbers .6.r ea ( rnrn (rnrn (rnrn) (rng) Numbers /:>.rea (rnrn (mm 
Squruedl Squa•t:d) ~;quared} Squrued) 
I ~.44 14 lll U.llliUL::t LI.UliOti 01 l~•.lf . t>::i t;L 4jli:J LI.LIU:;JL LL.,X•b 
-~- 2b7 u: Hit LI.Ul.JUo UUo1 t)£ 1~~- -~ blll~ 0.00~ .::>£.4 4~-1£ 
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Table B8 Estimated Total Respiratory Surface Area for 0. my kiss in 
Relation to Length and Weight. 
. 
- -- -
Estimated Total RE' spiratory Surl:~~ A:f>~ lor Oncorrtynchus myk1ss m Relo:~t i on to Weigh~nd LE'nglh.--::=-l 
leng!h We1ght Estimated Total Length We1gh! Es\Jmo:~led 
(mm) (m g) Respir:>tory (mm) (mg) Total 
Surta~Area Respir.tlory 
(mm SquarE' d) SurlaC(' Area 
(mm Squared) 
l 1'1 lb.Ll I t.l <Ill ~~ ..;1 .1!'1 ~llb. li :> 1 '1 'I 
2 14 .66 173 135.23 52 32 03 254.25 50634 
3 15 20.28 135.9 47 s::. 33 0 265.1 548.21 
4 15.16 22 .3 139 6!>6 54 3 4 62 296 .1 588.93 
5 15.5 21 .7 143.267 55 35.7 1 295.21 603 74 
6 15.6 19.4 141.515 56 37 64 506 3 1 717.6 
- -; 15.78 21.9 14Di3- 57 38 04 462_.,-- 723.5-,-
_H_ H> 22.8 146.403 58 .>8.97 !>21 /H4 .!J!J 
9 16.02 20.9 146.224 5$ 39.13 5202 776.95 
10 16.1 24 .6 146.8 60 39.82 510 /46.54 
11 16.28 25.4 151 .11 61 40 482 91 777 39 
12 16.5 24 .7 153.236 62 40 0 3 610 821.25 
"f3 16.68 25 151.699 63 40.72 534.6 80611-
14 16.&4 26.7 15& 88 64 ~1 3 1 62023 8fi_96? 
I:J 17.1 28 .2 160.259 65 42.7 4 655 929.88 
16 11.3 25.9 158.679 66 44 .83 802 .1 1049 85 
11 17.56 29 .81 160.54 4 67 45 900.17 1098.26 
18 18 30 8 165 .55 58 ~7 sf272 ~03.3---y-----
~9 18:3 3 i:S- --,-65:?-s- £9 .!.5.82 1002~75 - 1125.58 
20 18.42 31 .3 , /2.651 70 .!, 1.34 , 102.5 1255.52 
?1 18.67 35.1 168.75 71 (8 96 1204 3 U 8H.19 
22 19.06 37.4 17U25 72 50.34 i382 1( 14 69 
23 19 12 38 9 176.769 73 51 38 13!.6 72 .1 450.95 
24 19.52 40.21 181.98 74 51 89 1475.53 - 'i4"9'7:92-
-25 19.72 44 8 180.52 75 52 74 165i3 1581 .98 
26 19 . • 8 43.7 181.77 t6 55 71 1860 92 1£28 82 
2! 20.11 49.1 180.06 11 _:,_8.96 2315 l1 201 8 .21 
28 20.34 44 .24 190.542 78 50.24 zsn 31 2120 .52 
29 20.72 52.9 198 .03 7S 63 2364 1 2198.36 
-s-o 21:'3 6852 192 3 80 67 43 3685- 7 --264515-
31 22 .32 75 84 242.649 81 70 12 41376 3084 9 
32 22 44 82.1 226 61 82 71 .23 :;021.34 33 57 .28 
33 _2_2 .89 89.6 253 , , fl3 t2.85 47t 8 _i_, 33Gti-'3/ 
3-4 23 81.4 254 .1 P.4 74 38 60~ 1 39 3712 99 
35 23.12 82 2~6 . 1 85 77.21 6 174 38 3894 81 
~-
- 23.1 6 83.5 248 6 86 79.84 7517 32 - 4-439.59 
37 23.26 82 9 238 255 87 80 11 8C21.34 4:.39 02 
38 23 .:>4 104 .6 2_53 775 88 8239 1953 4676.61 
;;g 23 !>4 9ti.1 znun tj9 ti3.11 B1 .> 1.04 4809 0& 
40 25 104 .9 306 92 
41 26 .7 1 114 .8 - 312:-s2 
42 - 27.52 13 8 .6- - 353.04 
43 27 .9o 1:>2.4 381 . I!> 
44 28 .75 176.31 395.18 
45 29 185 32 4 i 2.59 
~6 29.35 152.61 419.03 
- 47 29.84 '228.02 - 445 .93 
~ 36:72 234T 4 ss:-87 
"9 3075 199.04 44 4 .77 
_:,_u S ll B4 2 10.1 41':: till 
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Table B9 Estimated Total Respiratory Surface Area for S. rnaxirnus in 
Relation to Length and Weight 
I Estirra!E>d T olal RespiralOI)I S~aOP kE><:dor Sco;Ytfnlrrv:: rru~~ in - I 
I Ael3ton to 'Weifl"t. ;nd Len;Jlh 
Lertglt' Weight 
(mm) (119) 
Estimalt>d 
Total 
Res pir.ltory 
Surface Are:. 
(mm SquarE'< 
Lt>ngth ~'>IE'ighl !Esltmalec 
(mm) (j.Jg) Tot:~f 
Respirato 
y Surl3ct> 
Area 
(mm 
Sc:tvared 
413 
Length Wt-1gh1 Esbmatt>d 
(mm) (1-'9) T ob! 
Respiratory 
Surlaet> he:l 
(mm SquarPc 
APPENDIX C 
Appendix C 
Table Cl. Percentage Yolk-Sac Vascularisation for Q=._ mykiss in Relation 
to Length and Weight. 
[Percentage Yolk-sac Vascu!a~isati~ for Oncorhynchus myktss in Relation to Weight 
I and Length. _ _ 
Length Weight Percentage Standard Length We1ght Percentage Standard 
(mm) (m g) Vase. of Devia110n (mm) (m g) Vase. of Deviation 
Yolk-sac of Vase. Yolk-sac ofVasc. 
1 14.33 15.46 36.71 5.77 51 22.1 4 71.37 39.44 5.12 
2 14.68 16.83 4038 5.97 52 22.5 75.53 28.54 3 71 
3 14.78 17.24 4096 4.71 53 22.71 78.04 2987 4089 
4 14.87 17.61 43.15 4.59 54 22.87 7999 25.68 5.23 
s 14.93 17.86 38.73 717 55 23.01 81 72 25.33 5.46 
6 15 18 15 38.156 6.48 55 23.12 8311 2435 4 87 
7 15.02 18.24 38.69 689 57 23.26 84 89 30.1 4 4.89 
8 15.03 18 28 41 55 5 57 58 2341 8683 2917 5.68 
9 15.27 1933 3998 4.35 59 23.74 91 .21 25.41 511 
10 1!>.42 20 j~ !>0!> :>.ol .~. 24 ~. 11 31.24 4.1!> 
11 16.2 23.8 44.35 4.251 
12 16.5 25.38 44 981 4.764 
13 16.58 25.82 44.58 4.28 
14 16.58 25.82 47 25 5.87 
15 16.79 2698 40 5.05 
16 16.87 27 44 41.58 4.57 
17 17.14 29.02 43.5 3.87 
18 17.29 29.92 44.91 3.62 
19 17.4 3059 46686 308 
20 17.82 33.27 42.51 6.42 
21 18 1 35.14 42.21 6.03 
~- 18.25 36.18 41 .2 5.64 18.34 36 81 44.62 43 -23 
24 18.5 37 95 38.97 ~.99 
25 -18.61 38.75 39.43 5.58 
26 18.69 39 34 405 6.48 
27 18.8 4016 3963 384 
28 1911 42.54 41 56 4 78 
29 19.13 42 69 4063 7 78 
30 19.36 44 53 41 .23 4.25 
31 19.37 44 61 39 33 5.26 
32 19 44 4518 ~3 55 4 87 
33 19.58 46.33 38.51 5 79 
34 19.68 4717 39.68 ~ 
35 19.78 48.02 37.98 5.26 
36 19.99 49.83 t, 1.25 5.12 
37 20 4992 38.17 4.82 
38 20.11 50.89 42..55 612 
39 2013 51 07 40 79 4 995 
40 20.16 51 34 3718 4 383 
41 20.45 5398 4311 4 78 
42 20.69 5624 37 69 5.09 
43 20.89 5818 .C2.15 i LP6 
44 21 42 63.53 38.61 Ll 037 
45 21.68 6529 2'r54 ::59 
45 21.74 66&4 .C:::1 39 I 2.98 
41 2116 67.15 38.12 l 5073 
48 22 234.1 37 54 ~ 5 04 
49 22 01 699 2s sg --s~sa ·-
5() £:.?1 /1) 91 "Go~-rsoo-
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Table C2. Mean Minimum Diffusion Distance in Yolk-Sac Vascularisation 
for Q:_ my kiss in Relation to Length and Weight. 
Length Wetghl Me<~n Length \v'eoight Me.<sn 
(mm) (mg) Minimum (mm) (mg) Minimum 
D iff us ion Diffusion 
Dislanc:e Distance 
l 14.2 14.~1 l!.titl b1 2£'1 tll.~1 "/.':.1.1 
"!. 14.tt 1 !ill lto."!.{ ~£ £2:43 14 n 27..3 
,; 141 lb.~ 11..:11 5;: at. f'::o ~3 38.8 
4 14.9 17.73 12.98 54 22.59 766 275 
5 15.1 18.58 14.74 55 LL.6 76.71 35.1 
6 15.2 19(12 H1 7 56 22.62 7696 38.4 
I 1~2 19.(12 15.J 5t 22.n 78.04 J4.b 
8 15 . .3 1946 12.:-!88 58 22.11 78(14 42 
g 158 £1./9 1::::.91 59 2J m.6 54.7 
HI 1~!::12 21 .~ 1.,)./2 bU 23 Lll l:.:l./2 48.8 
11 15.92 2£38 1 ~-1.1 4 
rl~ lb 22.78 14.7£ 16.15 £3.54 1J74 
14 lb.4/ b.£.Z 1 !:l.l l4 
15 16.5 25..38 14.97 
11:' 16.7 26.48 15.S8 
17 16.74 26.7 14 27 
w H:i.t: U.U4 14.4/ 
1~ 11.1 £tUB 1~.04 
20 17.29 29.~ 1!:\.P"oL 
Zl 'll.9:::l J 4 1t:.b 
22 1&4::.:1 37.45 21.4 
23 1!:1.51 3!:i.ll2 16.4 
24 18.52 ~:R1 22.4 
L5 18.E-4 38.97 19.7 
Lti 18.&4 38.97 2t.b 
- zr-- 18.11 39.49 17.1 
l'cl 1~/2 J~.~ L3.b 
23 . 1[I:s 40.E:4 22 
::ru 1~ 41 .tx: 23.b 
31 19 04 41 ss 2:•.2 
~{L 19.1..:1 42.~ 23.6 
33 19.2 4:::1.24 LJ.b 
~14 193 1 4412 Lt: 6 
-
J5 1- 1~~ 
-:~~-l- 22.5 36 - 19.37 21.:~ 
3f 1~.4.3 4S 09 21 .3 
~-!13 19.43 45.09 [1.7 
J'j 19.91 4~. 06 !.1./ 
40 20 4~1.~2 zg.2 
41 Lll1 5tl.t:1 ~:4./ 
42 ~13 tll_l!(_ 1_!: I 
43 Lr- 5926 -~fj-r:-
· ' 0 
-
- 44 -45 
2_1.43 
21~ f-~- 3t_4 4.21 ::16:_ 
41:> l l t({ ~~ .:~:-:. / 
4 t lfi3 65.75 ~6.7 
4H 21 7,1 6683 l'~ 6 . 
43 21.74 66 94 40.1 I 
:;\() £2. ti~ .~ 31 lfL I 
415 
Table C3. Mean Epithelium Thickness of the Body and Finfold of S. 
maximus in Relation to Length and Weight. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
4G 
41 
42 
43 
44 
45 
46 
47 
48 
49 
so 
---
Mean Eptthelium Thickness of the Body and Fmlold of 
ngth Scophtha/mus maximus in Relation to Weight and Le 
Lengih Weight Body ~Aean Fmfold lv!ean 
(mm) (ug) Min1mum Min1mum 
Diftusion Diffusion 
Distance (11m) Dtstance (~Jm) 
' 2.8 200 2.9 1 6 
29 300 2.4 1 8 
2.9 300 28 1.8 
2.9 200 3.2 1 9 
3 300 2.7 2 
3 300 29 2 
3.1 400 25 1.7 
3.1 400 3 1.9 
3.1 200 3.r 2.2 
3.2 400 2.5 2.1 
5 1700 38 25 
5 1500 38 2.5 
52 1800 34 22 
53 1900 38 26 
53 1900 47 22 
5.4 2100 44 2.3 
5.4 2100 49 2.5 
5.7 2500 33 2.8 
5.7 2300 5.3 32 
6 2900 42 3.4 
8.1 9000 10 1 83 
8.2 9800 11.8 8 1 
83 10100 97 81 
83 10100 98 75 
8.4 '0200 11.2 92 
8.5 10100 89 6.9 
8.5 11000 10.7 8.6 
87 11700 11 7.3 
88 12000 94 7.2 
9 12900 12.2 7.5 
11 9 28400 13 8 13 
12 9 35500 13 8 15 1 
13.4 40600 14.9 13.7 
13.5 41100 12.7 14.5 
14 1 57500 16.4 12 7 
14.2 47300 15.3 14.7 
14 6 51600 14 6 13 8 
14.8 53700 14.2 14 2 
15.2 46400 18.2 15 3 
15 3 59600 16 7 14 9 
21 146300 23 7 25 5 
21 8 1E2400 "17.8 223 
22.8 1&2700 L1.8 22 8 
23 7 205Ll00 24.7 23 6 
24 7 234300 22 9 18 7 
24 7 221600 235 25 3 
25 238200 I ;:t; 5 24 7 
?51 236200 252 22 9 
?5 s 2Le3oo ?~ --~ I 21 4 
za 2. 3St-40~ :::2 8 .-::1 6 
-
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Table C4. Mean Larval Erythrocyte Proportion for ~ my kiss in Relation 
to Length and Weight. 
f1 F--
Lf· tl' Wltlh1 f'H\,t(•l'\lfln 
(mm\ •. m~) 'llltHvnl 
Lr)'l!"'tOc.y\C: 
'~. I 
~. ru \' ['lttrl r "'~' ,r1, .• r "I 
.,. .,, lf'l"KJ' . ~rvet 
i..t"J' .n .• ·/.£: 
(" .. 
.I "'ift"' 
rmm) 
.;..,n,••1 rrt'r"-'r1'r-"' 
fmr-JI ''"'" 
ry\hrJC"jttu 
,. 
~,~ H._ 1!~!... ~~ 1h7 .... ...:~~-~. tr ~,.,,11 ~i1 f,·r·; ~· '!; lt l....L~ ,'1 4 I { "i14 T. ~(I ... 1 ' ~ "" I j~ . 41 : 1(;2 ' ' fJ'- ~, r--- i]!)T - ' • ' .f 
I •• 
- ·~ ' 4 b 1, 
1 
• ·' b ,_ ... 
11 1~ • ~ ll;_ ·~ ' ' ~-;( 1~ 1 ! ,. 
~ 14 d 14 " ' , i ut. 
" 
,., Jt;1~ ~~ 
-~ 1!\ I 1~' 1~ lhi 11''·' 
,. ~ 
• l 11 c.-t-;;r.:.;~rr:-.?.:-J--,;.<--t..:,>'I-TI;,,~;,:;~,_-:,r·'":,-t--r~.,;~--h~;;o~-;.~-+ ..;-;..U.o-"_+-_r.'_,,ri-:+--<,'i~,-- ~~{ ir.~~-+--1,-'- ,---
~ I~' H'ill 
-· 
1 .. , {' 1 ... ~ ·~· .1ot ot 1h ~ t: .. ., n ~; 1• 
--""· 
1 '~4 3!1 < I·' •<•, '7 1 lh • t. c... , .· ! 
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Histological Stains 
Mallory's Stain 
Mayer's haematoxylin 15 seconds 
Wash in Distilled Water 2minutes 
Acid Alcohol 2-4 seconds 
Lithium Carbonate Until Blue 
Wash in Distilled Water 1minute 
Acid Fuchsin 10 Seconds 
Wash in Distilled Water 2minutes 
Phosphomolybdic acid 15seconds 
Wash in Distilled Water 1minutes 
Mallory's Stain 10 seconds 
Wash in Distilled Water 2minutes 
Methylene Blue 
1% Methylene Blue 30seconds 
Wash in Distilled Water lminute 
418 
Toluidine Blue 
1% Toluidine Blue 30seconds 
Wash in Distilled Water 1minute 
Staining with methylene and toliudine was carried out over a hot plate 
to encourage staining. 
Methacrylate Embedding Process 
Specimens were fixed, then dehydrated serially in ethanol using 
increases of 10% until 100% ethanol. Three changes in 100% ethanol were 
carried out. The specimen was then placed in a methacrylate/ethanol 
mixture initially 25% methacrylate, this was increased serially to 100% 
methacrylate using 25% steps. The specimen was left in each new 
solution for bretween 6 and 24 hours depending on size. Three changes 
of 100% methacrylate were then carried out. The methacrylate used 
initially was resin a. For embedding the sample was placed in the 
mixture of resin a and b in a ratio of 100: 1 respectively. 
Cortlands Saline 
Sodium Chloride 
Potassium Chloride 
7.25g 
0.38g 
Sodium Dihydrogen Orthophosphate 0.41g 
Magnesium Carbonate 0. 23g 
Glucose 1. Og 
Calcium Chloride 0. 23g 
(For erythrocyte work calcium chloride was replaced with sodium 
citrate) 
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APPENDIX D 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1 
12 
13 
14 
15 
16 
17 
18 
19 
20 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
Mean 
St Dev 
rTable 01 G~wth Data 1~r Oncothynchus myk1ss Re~-;ed undel Normox1c and Hypox1c Condttrons Length Measurements in mm Weight Measurements in mg 
DayO Day2 DayS 
Normoxic Normoxic Hypoxic Normoxic Hypoxic 
Length We1ght Length We1ght Length We1gh1 Lengt Weigh Length Weigh 
16.16 24 8 16 78 28.5 16 52 28.6 17 42 302 16 91 29 8 
16.38 20.1 171 29.1 17 41 3004 16 98 28 7 17 37 30.4 
16.1 21 16.97 27.9 16 72 27 31 17.47 31.2 17 96 27 .8 
16.07 23.5 17.63 31.2 16.92 28.4 18.37 38 18.17 37 4 
16.46 24.2 17.31 34.5 17 31 30.28 18.41 37 5 17.98 28.9 
16 51 23.5 16.84 21.4 17.1 31 4 17.98 36.8 16.42 26.7 
16.67 25.1 17 28.7 17.17 28 4 17.12 31 .07 17 84 28.9 
16.82 24.3 17.27 30.3 17.32 30.7 17.05 301 18.53 34.7 
16.5 28.6 17 32 30 17.98 31 9 18.21 39.6 16.97 29.5 
16.57 25.3 16.74 286 16.24 25.1 18.03 35.4 1698 31.2 
16.5 23 4 16.59 26.8 16.39 32.4 17 68 38 17.57 32 
16.14 24.7 17.74 34 17.42 331 17.81 28.6 17.84 34.2 
16.37 24 6 16 88 28.7 16.22 22.1 17.46 37 6 17 72 35 
16.21 25.7 16.98 29 17.27 30.4 17.5 30.9 171 29.8 
16.19 23.8 17 03 32 8 17 03 31 .5 17.32 31 9 16 99 284 
16.07 23.4 17.34 29.2 17.07 29.3 17.21 31 .1 17.37 27.8 
16.22 23.5 17.12 29.8 16 52 284 17 85 32 17 68 31 .04 
16 36 24.7 17.18 30.1 16 98 26.4 17 93 36.1 17 53 31 6 
16 32 23.9 17.07 30.1 17.71 33.8 17.64 34 6 17.12 29.8 
16.18 24.12 17.11 31.01 17.8 30 8 17 5 37 06 18 02 37 6 
Day 11 Day 14 Day 17 
Normoxic Hypoxic iN' . ormOXIC Hypoxic Normoxic Hypoxic 
Length Weigh• Lengt~ Weight Length Weight Lengtt We1gh Lengtr Weigh Length We1ght 
19 87 47 6 18.46 38.7 22 57 74.3 20.44 526 21 87 76.8 20.88 67 2 
20.13 58 1 18 94 40.2 21 74 64.1 21 .56 65 2268 78.3 21 67 71 .2 
21.04 57 i 19.56 42.3 22.82 71 .6 2068 49.7 2356 92.4 22.1 684 
19.58 48.2 19 87 52.4 22.5 71 3 21 44 61 5 23.78 90.6 21 47 58.1 
18.69 54 3 19.23 45.9 19 87 57.3 21 33 67.2 2412 991 21 .67 70.1 
19.34 45 18.67 41 .6 21 55 64.2 21 .47 56.3 22.68 71 .5 21 67 64.2 
2011 51 8 18.42 40.2 221 81 .6 21 87 58.1 22.97 80.1 21.65 71 8 
2057 583 18 87 41 .8 21 88 66 20.68 50.2 22.7 78.6 21 88 579 
2087 52.6 19.89 47.3 22.65 76.1 21 .84 74.3 23 01 84 5 22.43 74 3 
19.8 428 18.78 38.2 21 64.8 21 .57 56.1 22.68 67.8 22.75 71 5 
2054 54.6 19.56 445 23 41 64 7 21 32 58.9 23 44 86.9 21 .02 61 .2 
20.04 43.7 19.78 51.2 22.9 78 3 21.22 60.1 24.12 100.1 21 .67 76.2 
19.65 45.2 19 45 47.2 21.04 57.2 21 .15 63.4 23.78 72.4 21.78 67.5 
19 78 461 19 37 401 22.67 63 5 21.26 65.4 23 87 91 .3 21 9 701 
19.68 47 6 19 28 49.2 22.77 70.5 2087 503 24.23 98.6 21 87 7045 
20.67 53.4 19.2 441 22.87 73.1 21 .78 59.1 22.42 74.1 21 33 69 8 
20.04 598 19 651 48 6 21 67 67.2 21 64 67 8 22.64 r6.1 20.69 49.ts 
20.12 56 7l 19.87 501 22.87 76.8 21 67 62 2214 51 8 21 47 61 3 
20.45 52 8 19 78 491 22 34 74 .8 21 5 69 7 22.3 73.8 21 64 603 
21 .07 602j1987 47 6 22.14 76.1 21 33 61 2 23 78 91 2 21 .88 75 1 
201 51 795 19 33 45 02 22.17 69 675 21 33 60.45 23 14 81 8 21 67 6682 
0 596 5 638·1 I') 48~ 4 416 0 84? 6 8535 0 4 6 752 0 728 1217 0 477 6 812 
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Day8 Day23 Day26 
Normoxic Hypoxic INormoxic Hypoxic Normoxic Hypoxic 
Length Weight Length We1ght Lengtt Weight Lengtt We1gh Lengtll Weight Lengtn We1ght 
1 17 87 36.2 19.1 45.2 25.7 115 4 22.15 71 3 26.44 118.3 22.87 71 2 
2 18.64 45.6 18.57 40 24.35 104.1 21 .98 70.9 25.31 126.5 2368 78.9 
3 19.89 47.9 17.87 35.8 25.1 99.6 21 .68 61 .5 27.24 151 6 22.69 74.2 
4 19.68 4281 16.87 29.6 23.68 86.1 2267 74.6 26.51 121 4 23.6 93.4 
5 18.57 37.2 18.45 Li1 25.23 101 .2 23.56 78.2 25.34 110 3 23.45 81 6 
6 20.56 57.6 19.25 45.8 25.78 135.6 24.1 87.6 25.87 953 24.1 SB.G 
7 18.1 38 6 17.89 34 6 25.9 131 .7 22.34 80.1 25.6 119.3 24.35 90.4 
8 19.11 42.6 18.68 40 24.35 94.6 23.44 82.4 25.48 124 3 23 85 84 2 
9 18.64 39.6 19.41 43.6 24.85 96.1 24.11 101 3 26.55 128.6 23.99 95 
10 18.67 40.2 19 1 38.4 24.31 100.8 22.66 74 3 26.41 131 .7 23.64 81 .6 
11 19.58 44.5 18.77 40.3 23.87 90.1 22.89 76 5 27 01 156.8 22.64 71 .3 
12 18.68 39.4 18.78 36.4 23.89 82.9 23.87 80 24.88 108 3 22.68 76.2 
13 18 55 41 1 19.15 42.2 25.36 100.7 2285 64.2 25.1 109 7 23 45 82.5 
14 19 67 56.4 19.22 43.5 24.8 110.5 22.69 67.2 26.8 139 7 22851 79 3 
15 19.22 479 18 34 39.1 24 92 1001 2247 67 9 24.98 115 9 23 65 86 1 
16 19.58 48.2 18.54 41 .2 24.67 107.3 23.56 87.2 26.77 125.4 23.051 89.2 
17 18.57 43 8 18.65 40.1 24 65 113.4 23.7 82.7 26.41 136.7 23.14 81 1 
18 2045 48.9 18.24 34.21 24.82 98 7 23.68 94.5 26.56 124.3 23.12 81 6 
19 2004 46.2 18.99 38.4! 25.09 97.8 23.12 81 6 25.33 110.8 22 54 79 1 
20 1787 34.1 19 35 45.1 2517 104 6 2305 78 9 26 107 9 2285 83 6 
Day20 Day35 Day 38 
Normoxic Hypoxic Normoxic Hypoxic Normoxic Hypoxic 
Length Weight Length Weight Lenglt Weight LengtH Weigh Lengtr We1ght Lengtr Weight 
1 22.77 783 21 54 67.1 31 05 220 7 23.57 86 7 28.35 173 7 24.35 101 8 
2 23.68 102 5 22.1 72.6 30 58 238.5 24 .58 100.7 32.54 214.5 25 35 11 5.2 
3 24.12 96 4 22.35 71 .6 29 45 244 6 24.1 100.4 31 84 243.7 25 87 117 6 
4 24 68 73.4 23.17 81 7 27 34 132 B 23 87 97 6 33.41 344.9 26.1 134.3 
5 23 54 99.2 22.56 71!1 08 30 1 21 9.4 25.45 121 5 32.54 283 4 23.56 97.5 
6 23.8 91 6 22.'13 65 9 32.07 277 .4 23.65 89.6 2958 199 7 25.23 102.9 
7 23.88 86.4 22.45 80.1 31.28 246.8 24.85 97 3 32.45 266 4 24 58 11ll 
8 24 95.8 22 58 76 5 29.48 205.9 24 2 100 6 30.86 230.8 25.61 112 9 
9 22.87 81 6 22.1 76 3 28.67 170.1 24.51 110 31 .55 253.1 25.12 120.3 
10 23.65 67 -, 21 87 66 7 27.69 163 B 23.87 91 .2 32.4 272 24 85 109.5 
11 23.58 94.2 23.24 76.8 31 42 251 3 2368 83.4 31 .8 256.1 24.91 114.7 
12 24.71 103 5 21.12 68.3 30.42 224 9 23.51 70.9 32.87 291 25 89 125.7 
13 24 31 100.8 22.35 70.1 30.41 235.4 24 07 869 30.95 238 1 2397 99.2 
14 24 56 97 8 22 5 69.4 30 01 205 3 2566 124 1 33.24 312 4 24 85 104 2 
15 241 2 91 2 22.6L 74 2 29 88 233 8 24.64 89 6 28 78 134.7 25 22 11 7 3 
16 24 1 105 6 21 97 64 2 , 29 73 21 0 9 24 5 105.8 27 36 154 8 24 55 104 s 
1 ( 25.1 109 4 22.03 rO 29 75 1&7.6' 23.87 95.3 3387 321 4 2567 131 
18 24 221 95 3 22 48 64 81 3015 210.9 2564 102 7 30.85 241 5 25 75! 124 8 
19 2.4 26 100 1 22.95- 80.2 30 87 ?30 24 25 98 6 31.58 234 1 24 21 109 4 
20 24 9' "' 
' " 
22.01 ?0.-11 31.08 2215 2.4 19 96 2 31.78 261 7 25 09 129 3 
Mean 24 94 075 22 3' l 72 031 30 OP. 216 6 2434 97 51 31 46 251 4 25 04 11 4 1 
St 0.:? 0 571 9 235b (l "'1 L. s 292 1 H~ 33 31') 0 6S~ 12 33 1.681 5L. Q8 0 6131 108f.l 
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Day29 Day32 
Normoxic Hypoxic Normoxic Hypoxic 
Length Wergh Length Weigh Length Weight Length Weight 
1 28 65 181 .2 22 83 793 26.12 146.2 231 74 1 
2 28.23 164.3 23.74 82.6 29 68 1452 2415 90.1 
3 27.42 150.2 24.55 86.3 30.i2 187.6 24.64 i00.1 
4 27.64 156.7 23.51 76.8 30.05 210.7 23.41 92.6 
5 26.12 142.3 22.7 80.2 30.1 214.3 23.02 80.1 
6 26.87 143.8 23.9 84.2 27 5 146.2 22.99 87.2 
7 2556 120.4 24.68 100 8 26.84 141 8 23.77 76.3 
8 27.44 135.7 25.1 100.4 27.54 152.9 24 97 119.7 
9 27.5 153.8 23.4 80.5 28.11 154.3 2502 96.7 
10 28.12 170.2 25 118.4 28.69 174.2 24.23 87.6 
' 11 25.4 115.9 24.1 81.3 29.12 186.2 24 68 101 .9 
12 27 86 154.6 23.12 80.3 28.15 181 3 24 36 104.8 
13 29.14 191.3 23.85 98.5 26.13 130.7 23 52 78.9 
14 27.58 156.7 23.81 78.6 27.55 153.2 2387 997 
15 29.41 190.2 24.23 128 6 28 46 1951 24 4 106.5 
16 27.16 150.2 24.35 84.2 28.56 175 25.12 98.4 
17 26.85 137.2 24 61 100.9 27.13 140.2 24 31 100.1 
18 26 9 136 8 24.2 119 7 2916 190.2 24 95 107 6 
19 27 56 147.6 24 110.2 28 169.4 23.68 83.7 
20 28.87 184 5 23.82 96.1 29 88 210 6 24 35 118.6 
Day41 Day44 
Normoxtc Hypoxic Normoxic Hypoxic 
Wetght Length Wetght Length Weight Length Wetght Length Wetght 
1 89.2 32.88 287.2 24 87 100 6 33 294 3 2514 100 3 
2 115 2 33.95 330.4 25.31 121 .4 35.89 386.5 2615 137 2 
3 132.5 34.51 307.5 25.95 124.5 36.25 412 1 26 58 145 2 
4 127 5 28.45 176.1 24.87 103.7 34.22 324.1 24 81 102 5 
5 948 29 65 189 1 24 11 96 7 33 86 31 2 4 25 22 '20 7 
6 120.7 31 .51 251 25.7 120 6 33.51 257.1 25.12 11 8 2 
7 100 2 34.28 339 25.12 112.8 34.25 334 1 25.69 11 7 5 
8 126.7 34.18 237.1 25 48 108 6 29.87 200.4 26.28 142.9 
9 100 3 33.45 189.5 25.5 124.3 34.9 302.4 27.65 142.3 
10 101 6 33.56 187.5 25.72 104.8 32.01 260 1 27.23 167.2 
11 110.9 32 41 257.1 25.11 118.3 34.52 345.1 27.5 143 8 
12 137.9 32.64 291 .2 25.87 137.2 34.58 2876 24.93 99.8 
13 93 6 33.47 300.2 25.22 120.6 31 .58 251 .2 24.86 109.7 
14 115 6 31.2 243 1 24 37 907 34.28 229 7 2599 119 4 
15 100.7 32.58 284 2 26 89 151 3 34.5 278 4 24 67 98 6 
16 86 7 '<l"'t:.t:. vv .J"'-" 228 6 26 25 124 3 35 91 386 4 27 24 157 1 
11 127 3 30 21 5 8 26 58 127 Es 31 2 221 4 26 34 ' 126 8 
181 114.6 33 87 332.4 25 87 130 71 3206 269 8 26 41 141 2 
19 90.7 31.49 246 7 25 73 120 3 33 87 331 7 26.31 136.8 
20 100 33.57 234.2 25 84 122 5 37 18 406 4 261 1 -,2o.7 
Mean 109 34 32 41 259 4 25 62 1181 33872 304 56 26 01 127 7 
St Dev 15 645 1 723 51 34 0744 14 33 1 8307 61 464 0937 , q 786 
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[Tab~DZRE>spirometry Data forO. my/(fSS Reared under Normoxic and j I Hypoxoc Coodo1ooos 
-- --
Normoxic 
Weight (mg) Cntical Oxygen Routine Oxygen Specrfic Oxygen 
Tension (mg/1) Consumption (mg Consumption (mg oxygenlg 
oxygenfhour/individual) wet weight/hour) 
1 23.7 8.3 . 00078 0.329 
2 25.2 8.2 0008 0.317 
3 24.6 8.02 0.009 0.366 
4 23.9 8.42 0.007 0.293 
5 28.94 8.11 0.0097 0.335 
6 30.01 7.43 0.01 0.333 
7 34.5 5.8 0.015 0.425 
8 31.2 5.7 0.013 0.417 
9 41.2 5.4 0.016 0.388 
10 38.7 4.9 0.019 0.491 
11 50.1 4.12 0.021 0.419 
12 52.7 4.34 0.024 0.455 
13 70.4 3.4 0.03 0 426 
14 764 3 1 0 031 0 406 
15 83.6 2.87 0 034 0.407 
16 88.1 3 04 0 041 0465 
17 90.3 3.17 0034 0376 
18 95.7 2.9 0.031 0.324 
19 102.7 2.14 0.038 037 
20 104.8 2 31 0.041 0.391 
21 127.8 1 89 0 031 0.243 
22 1403 1.95 0038 0.271 
23 148.2 2.07 004 0.27 
24 133 8 2 36 0.037 0276 
25 168 2.17 0.048 0.286 
26 170.5 1.98 005 0.293 
27 204 7 2 27 0.052 0.254 
28 2236 1 89 0 061 0.273 
29 267 6 2.19 0.053 0.198 
30 251 4 238 0.057 0.227 
31 298.4 2.24 0 071 0.238 
32 302.6 2.18 0.079 0.261 
33 351 .7 2 01 008 0.227 
34 338.2 1.97 0.074 0.219 
423 
'HypOXIC 
Weight Cntical Oxygen Routine Oxygen Spec1fic Oxygen 
(mg) Tension (mg/1) Consumption (mg Consumption (mg 
oxygen/hour/individual) oxygen/g wet 
weighVhour) 
1 23 7 8.3 0.0078 0.329 
2 25.2 8.2 0.008 0.317 
3 246 802 0.009 0366 
4 23.9 8.42 0.007 0.293 
5 27.9 7.86 0.0078 0.28 
6 31 .6 61 4 0 01 0 316 
7 32 7 585 0.008 0.245 
8 38.1 5.19 0.009 0.236 
9 403 4.23 O.o13 0.323 
10 396 4.67 0.012 0.303 
11 41.7 3.21 0.013 0.312 
12 46.3 3.18 0.016 0.346 
13 58 3 2 98 0.022 0.377 
14 631 2.89 0.017 0.269 
15 65.2 2.34 0.017 0.261 
16 70.2 2.4 0.023 0.328 
17 702 215 0.018 0.256 
18 71 .3 2.29 0.023 0.323 
19 77 6 2.25 0.026 0335 
20 81 3 2 11 0.034 0 418 
21 843 2.04 0027 0.32 
22 891 2.15 0.031 0.348 
23 102.7 2.64 0.029 0.282 
24 897 2.78 0 035 0 39 
25 101 6 2.4 0.028 0.276 
26 967 2.32 0.035 0362 
27 106.7 1.99 0.031 0.29 
28 98.4 1 87 0.029 0.295 
29 108.6 2.69 0.031 0.285 
30 110.2 219 0.029 0.263 
31 118 6 2.58 0.032 0.27 
32 120.3 2.47 0.034 0.283 
33 121 7 2.05 004 0.329 
34 109.6 2.31 0.032 0.292 
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r ---- - - -
Table D3 Gill Surtace Area measurements for Oncorhynchus myk1ss Reared under 
Normoxic Conditions in Relation to Length and Weight 
Length (mm) We1ght (mg) Lamellae Lamellae Area (mrr Gill Area 
Numbers Squared) (mm Squared) 
1 16.38 20.1 832 0.0003 0.2496 
2 16.51 23.5 894 0 00031 0.27714 
3 16.5 28.6 888 00003 0.2664 
4 16.37 24.6 834 0.00031 0.25854 
5 16.07 23.4 708 0 00028 0.19824 
6 17.1 291 1238 . 0 00031 0.38378 
7 17 31 34.5 1288 0.00042 0.54096 
8 16.84 21.4 974 0.00037 0.36038 
9 17.32 30 1412 0 00036 0.50832 
10 17.74 34 1642 00005 0.821 
11 17.47 31.2 1354 0.00043 0.58222 
12 18.37 38 2420 0 00056 1.3552 
13 17.98 36.8 1872 0000499 0 934128 
14 17 68 38 1654 0.00042 0.69468 
15 17.46 37.6 1478 0.000435 0 64293 
16 18.64 45.6 2668 000064 1.70752 
17 18.57 37.2 2482 000057 1.41474 
18 18.68 39 4 2648 0.00063 1.66824 
19 19.67 56.4 3024 0 00076 2.29824 
20 19.58 ~8.2 2955 0 00078 2.3049 
21 20.13 58.1 3224 0.00096 3.09504 
22 18.69 54.3 2712 00006 1.6272 
23 20.11 51 .8 3600 0 00089 3.204 
24 20.04 43.7 3826 0.001 3.826 
25 20.45 52.8 3862 0 00096 3 70752 
26 21 .74 64 1 4972 0 00135 6.7122 
27 22.5 71 3 6420 0 00186 11 9412 
28 22.1 81 .6 6885 0 00165 11 36025 
29 23 41 64.7 6978 0.0023 16.0494 
30 22.67 63.5 6002 0 00178 10 68356 
31 21 87 76 8 5088 00015 7 632 
32 23 56 92 4 6540 0 00236 15.4344 
33 22.68 71 5 7024 0 00165 11.5896 
34 23 78 72.4 7280 0 0026 18.928 
35 22.14 51 .8 6041 0.0017 10.2697 
36 23.68 102.5 7150 00025 17.875 
37 23.88 73.4 7484 0 00231 17.28804 
38 23.65 86 4 7066 0.00214 15.1 2124 
39 24 1 87 1 7736 0.0026 20 1136 
40 24.35 105.6 8184 0 0031 25.3704 
41 25.23 104 1 9522 0.0031 29.5182 
42 2468 101.2 8564 0 00267 22 86588 
43 23.87 901 7390 0 00221 16.3319 
44 24 8 110 5 8744 0 00311 2719384 
45 2465 11 3 4 8446 0 00304 25 67584 
46 26 51 121 4 11882 0.0044 52 2808 
47 25 87 S5.3 10322 0.00378 39 01716 
48 27 01 156 8 12112 0.0051 61 7712 
49 2.6 77 125 4 10888 0 0047 511736 
50 26 107 9 11548 0 00432 49 88736 
425 
Length Werght Lamellae Lamellae Area GriiArea 
(mm) (m g) Numbers (mm Squared) (mm Squared) 
51 30 12 187 6 16422 0 0076 124.8072 
52 27 5 14€.2 12886 0 00486 62 62596 
53 28.11 154 3 14050 0 00616 86 548 
54 28.15 181 3 13004 0.00588 76.46352 
55 2846 196 j 14366 00066 94 8156 
56 33.51 263? 19650 00082 161 13 
57 34.9 302A 20052 0 00795 159.4134 
58 34 .58 287 .6 .18902 0 00799 151 02698 
59 34.5 278 4 19420 000823 159 8266 
60 3206 269 8 16852 0 00754 127 06408 
61 2612 142 3 10580 0 0041 43.378 
62 27 44 135.7 13580 0 0053 71 974 
63 27.86 154.5 14000 0.006 84 
64 27 16 150.2 11654 00051 59.4354 
65 27.56 147 6 14522 00053 76 9666 
66 29.45 244 6 16520 0.0069 113.988 
67 32.07 277 4 18560 0.00741 137 5296 
68 30 41 235.4 14854 000762 11318748 
69 29 88 233.8 15522 0.00652 101.20344 
70 3015 210 9 16054 00071 113 9834 
71 33.45 189 5 18620 0008 148 96 
72 33 56 187.5 17924 0 0079 141 5996 
73 33 47 300 2 18946 0 0079 149 6734 
74 30 215 8 16424 0.0068 111 6832 
75 31.49 246.7 17866 0 0071 126 8486 
76 32 54 314 5 18254 00077 140 5558 
77 33 41 3L:4 9 ie524 0008 148 192 
78 29 58 199 7 16200 0 00665 107 73 
79 3086 230 8 "15756 0 0071 111 8676 
80 28 78 13.1 7 15256 0 0068 103 7408 
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Table 04. Gill S::rta~e Area ~urements for Onco~ynchu; myk1ss Rear(>d under I 
Hypoxtc Conditions m Rela110n io Length and Wetght. . 
Lengih (mm) We1gf.t (mg) Lamellae Lamellae Area (mn Gtlf Area 
Numbers Squared) (mm Squared) 
1 16.38 20 1 832 0.0003 0.2496 
2 16.51 23.5 894 0 00031 0.27714 
3 16.5 2S.6 888 0.0003 0.2664 
4 16.37 24.6 834 0 00031 0.25854 
5 16.07 23.4 708 0 00028 0.19824 
6 1717 28.4 1202 - 0 00039 0 46878 
7 16.24 25.1 816 0.00028 0.22848 
8 16.22 22.1 786 0 00034 0.26724 
9 1703 31 .5 1158 0 00036 0 41688 
10 17.71 33.8 1588 0.00046 0.73048 
11 17.84 289 1766 0.00051 0.90066 
12 18.53 34.7 2540 0.00061 1 5494 
13 17.57 32 1624 0 00044 0 71456 
14 17.1 298 1240 0 00037 0.4588 
15 17.37 27 8 1428 0 00045 06426 
' 16 17.87 35.8 1674 0.00052 0 87048 
17 18.45 41 2£122 0.00062 1.5016£1 
18 19.1 384 3124 0 00067 2 09308 
19 18.24 34.2 2785 0.00058 1.6153 
20 19.35 451 3688 0 00076 280288 
21 19.87 52.4 4522 0.0014 6.3308 
22 18 42 40.2 3012 0 00072 2.16864 
23 18.87 £1 8 3612 000089 3.21468 
24 19 78 51 2 4310 0.0012 5172 
25 19.87 47.6 4512 0 00153 6 90336 
26 21 .56 55 5086 00035 17 801 
27 21 .44 f1 5 5044 0 00268 13.51792 
28 21 84 74 3 5312 0 00355 18 8576 
29 21 32 589 5054 0 00242 12.23068 
30 21 .26 654 4874 00031 15 1094 
31 21 67 71 2 5154 0 00325 16 7505 
32 21 47 58.1 5066 00024 12.1584 
33 21 .88 57 9 5066 0 0024 121584 
34 22 75 71 5 5500 00042 23 52 
35 20.69 49.8 4788 0.0021 10.0548 
36 22.1 72.6 5300 0.00384 20.352 
37 22.3 65.9 5486 0.00324 17.77464 
38 23.24 76.8 6120 0.00384 23.5008 
39 22.03 70 5360 00035 18 76 
40 22.01 70.1 5326 000389 20.71814 
£11 23.56 78.2 6230 0.006 37 38 
42 24 11 101 3 6128 0.0071 43.5088 
43 22 85 64 2 5960 0.005 298 
44 22 69 67 2 5482 000478 26 20396 
45 23 73 62.7 6220 00058 36.076 
46 23 68 1e g 5104 00062 37 8448 
-47 1<!6 C2 4 6?44 0 0065? 40 7108& 
4S 23 99 35 6367 0 00742 47 ~!j'l111 
49 23 45 t2 5 ::>980 0 005351 
L ' " ~, 
31 993 
50 ?3 241 &1 1 61041 0 0051 31 13041 
427 
Length Weight Lame:lae Lamellae Area Gill Area 
(mm) (m g) Numbers (mm Squared) (mm Squared) 
51 24.97 119.7 7024 0.0102 71 .6448 
52 24.23 87.6 6352 0.0067 42.5584 
53 23.52 78.9 6250 0.00695 43.4375 
54 24.4 106.5 6748 0.00924 62.35152 
55 24.95 107.6 6582 00087 57.2634 
56 25.35 115 2 7250 . 0 01?7 92.075 
57 26.1 127.5 7758 0.0157 121.8006 
58 24.58 100.2 7140 0.0097 69.258 
59 24.85 101 .6 6850 0 00978 66.993 
:60 23.97 93.6 6548 0.008 52.384 
61 24.81 102.5 6830 00114 77.862 
62 25.69 11 7.5 7580 0.0117 88.686 
63 27.65 142.3 8650 0.0217 187.705 
:64 24.67 98.6 6588 0.0085 55.998 
65 26.41 141.2 7354 0.0136 100.0144 
66 23.74 82.6 6158 0.0071 43.7218 
67 23.51 76.8 6248 0.0062 38.7376 
58 23 4 80.5 6678 00047 31 .3866 
69 23.85 98.5 6874 0.0071 48 8054 
70 24.61 100.9 6986 0.0089 62.1754 
71 23.57 86.7 6288 0.0058 36 4704 
72 241 100 4 6156 0.0071 43.7076 
73 25.45 121.5 7358 0.01 42 104.4836 
74 23 51 70.9 6284 0.0052 32.6768 
75 23.87 95.3 6580 0 00762 50.1396 
76 25 95 124.5 7876 0 0122 96.0872 
77 25 7 120.6 7115 0.0136 96.764 
78 25.48 108 6 7226 0.0125 90325 
79 25.11 11 8.3 7158 001 71 58 
80 25.84 122 5 7160 0 0154 110.264 
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1 
2 
3 
4 
5 
Mean 
St De 
jTable DS Gill Developmer.1 io1 0. n,yJ...1ss under Dtffetent Oxygen 
Regtmes 
l 
I 
DayO 
Length 
16.38 
16 51 
16 5 
16.37 
16.07 
16 366 
0.1778 
U1mclbc U1mcl!ae 
Numbers .A. rea 
831 057 0.0003 
892 5H2 000031 
837.719 f'\ fV,I'\")'1 V . VVVVI 
826.484 000029 
699.278 0.00027 
827.'126 0.00029 
77 9708 1.at:-os 
f 1\~ean 
jSt Dev 
k12a 
0 25 
0 28 
" ')"7 V ,l-1 
0 24 
0.1 9 
0.24 
0 04 
Day2 
Normoxic 
U1me 
Lengtt· llae 
171 1238 
17 31 1288 
16.84 974 
17 32 1412 
17.74 1642 
17.26 1311 
0 331 245 
DayS 
Normoxic 
Lame 
Length llae 
18.64 2668 
1857 2482 
18 ce 2648 
19.67 3024 
19 58 2955 
i903 2755 
0 547 227 
Day 1'i 
(Normoxic 
I 
HypOXIC 
Lam. Lam Lam. 
Area Area LengU Nos Area 
3E-04 04 1717 1202 4E-04 
4E-04 os 16 24 816 3E-04 
4E-04 0.4 16.22 786 3E-04 
4E-04 05 17 03 1158 4E-04 
SE-04 0.8 17.71 1588 5E-04 
4E-04 0.5 16.87 1110 4E-04 
7E-05 0.2 0.64 328 7E-05 
Hypoxic 
Lam. Lam Lam. 
A tea Area Lengtr Nos. Areas 
6E-04 1.7 17.87 1674 SE-04 
6E-04 1 4 18.45 2422 6E-04 
6E-04 1.7 19.1 3124 7E-04 
8E-04 2:; 18 24 2785 6t:.-04 
BE-04 2.3 19 35! 3688 8E-04 
7E-04 ., 9 18.6 2729 6E-04 
9E-05 04 0 6121 756 SE-05 
Hypoxic 
Area 
0 46 
023 
0.27 
042 
0.73 
0 42 
0.2 
Area 
0.87 
1 5 
2.09 
1 62 
28 
1 78 
0721 
I 
' 
Lame Lam Lam. Lam. I Area Leng1h llae Areas IAreC~. Ler•gH Nos. Aft? as 
L1 /41 4972 0 001 67 21 56 508b 0004 11 si 
I 225 64201 0002' 12 21 44 5044 0.003 13.51 
i 22.1 -.. --t>~~:> 0 002 11 21.84 5312 O.OJ4 18 9 
. 23 qj 6978 0.002 16 21 32 5054 00021 12 2. I 22 67 6002 0 002 11 21 26 4874 0.003 151 
"'"" An C.C. '-iO 6251 0002 11 21 48 5074 0003 i5.5 
0 631 815I3E-04 33 023 1571 SE-041 28 
Day20 
No1moxic Hypoxic 
Lame Lam Lam. Lam. 
L~r,gth llae Atea.s Area Ler,gtt t.Jos Ate<t Area 
-- -23 68 7150 (J 003 18 221 5300 0 OOll 20 4 
! 24 68 8564 0003 ')') L~ ?2 31 54861 0003 11 el 
I 23 88 7118/l 0002 \7 23.211 6120 0 00/l 23.: 
23.65 7066 0 002 15 2203 5360 0 004 18 0 
! 241 7736 () 003 20 2201 S326 00041 2011 
: 2~ 7600 0 0112: 1S 22 34 5518 (I 00~ 202 t 
' 
0 422 602 2E-C4 3 0 51St 0~ 0E-04 2 1 ~ ' 
I . 
t "''~-1~1 I .. 
IS1 De" 
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D&y 5 I D&y 26 
Normox1c HypOXIC Normox1c HypOXIC 
Lam Lam Lam ilam Lam lam Lam Lam 
Leng Nos. Area Ate a Len~ Nos (kea Area Lengt Nos. Area ·A•ea Leng !\Ios Area Area 
17.5 1354 4E-04 058 18 1 t66' SE-04 09 265 11882 0004 52 24 6104 0006 37 8 
18.4 2420 6E-04 1 36 19 2540 6E-04 1 5 259 10322 0004 39 24 6244 0 007 407 
i8 1872 SE-04 0.93 18 1624 4E-04 0.7 27 12"ii2 0.005 62 24 6367 0 007 47.2 
17 7 1654 4E-04 0.69 17 1240 4E-04 05 26.8 10888 0.005 51 23 5980 0.005 32 
17.5 1478 4E-04 0.64 17 1428 5E-04 0.6 26 11548 0.004 50 23 6104 0.005 31 .1 
17.8 1756 5E-04 084 18 1720 5E-04 0.9 26.4 11350 0004 51 24 6160 0.006 37.8 
0.39 419 6E-05 032 05 500 9E-05 04 0.49 737 1 SE-04 8 1 0.3 149 9E-04 6.63 
Day 11 Day32 
Normoxic HypOXIC Normoxic HypOXIC 
Lam Lam. Lam Lam. Lam Lam Lam Lam. 
Leng Nos. Area A; ea Len; Nos. A; ea Area Lengt Nos. At ea Area Leng Nos. Area Area 
201 3224 1E-03 3.1 20 4522 0 001 6.3 30.1 16422 0.008 125 25 7024 0 01 71 6 
18.7 2712 6E-04 1 63 18 3012 7E-04 2.2 27.5 12886 0005 63 211 6352 0.007 426 
201 3600 9E-04 3.2 19 3612 9E-04 3.2 28.1 14050 OO::l6 87 24 6250 0.007 43.4 
20 3826 0.001 3.83 20 4310 0 0011 5.2 28.2 13004 0006 76 24 6748 0.009 62 4 
?OS 386? 1E-03 3 71 20 4512 0 002 69 28 5 14866 0007 95 ?S 658? 0 009 57 3 
19.9 3~45 9E-04 309 19 3994 0 001 48 28 5 14146 0.005 89 24 6591 0.008 55 5 
0 69 482 2E-04 088 07 663 3E-04 2 0.99 1426 0.001 23 0.6 310 0.002 12 5 
Day17 Day38 
Normox1c Hypoxic Normoxtc HypOXIC 
Lam Lam. Lam Lam Lam Lam ,I Lam Lam. 
Leng1 Nos. Area Area Len~ Nos Area Area Lengt Nos. Area /\rea Leng Nos. Area Area 
21 9 5088 0002 7 63 22 5154 0003 17 32 5 18254 0.008 141 25 7250 0 013 92 1 
23.6 6540 0 002 15.4 21 5056 0 002 12 33 4 18524 0008 148 26 n58 0 016 122 
22.7 7024 0.002 11.6 22 5066 0.002 12 29.6 16200 0007 i08 25 7140 001 69 3 
23.8 7250 0.003 18 9 23 5600 0.004 24 30.9 15756 0007 112 25 6850 0 01 67 
22 1 6041 0002 10 3 21 4788 0002 10 28 8 15256 0007 104 24 6548 0 008 524 
22 8 6389 0002 12.8 22 5135 0 003 15 31 16798 0.007 122 25 7109 0.011 805 
0.84 863 5E-04 4 42 07 294 9E-04 54 1 95 1493 6E-04 20 0.8 454 0 003 27 1 
Day23 Day44 
Normoxic HypOXIC Normoxrc Hypoxic 
Lam Lam. Lam Lam Lam Lam Lam Lam 
Leng1 Nos. Area Area Len~ Nos Area Are_a Lengt Nos. Area Area Leng Nos Area Area 
24 4 8184 0003 25.4 2ll 6230 0006 37 33.5 19650 0.008 161 25 6830 0 011 77 9 
25 2 9522 0003 295 2~ f128 0 007 44 34 9 ?0052 0008 15q 26 7580 0 012 88 7 
23 9 7390 0002 16 3 ~~ 5960 0 005 30 34 6 18902 0008 151 28 8650 0.022 188 ~~ 
24 8 8744 0003 27.1 23 5482 0 005 26 34.5 19420 0008 160 25 6588 0 009 56 
24 7 8446 0 003 25 ., 24 62201 0 006 36 32.1 16852 0.008 127 26 7354 0 014 100 
24 G 8457 0003 24 B 23 f004 ') 005 35 33 9 18975 0008 1~2 26 7400 0 013 , 02. 
0.51 779 4E-04 so-, 06 31-, 9E 04 68 1 -,6 -1258 3E-04 14 1.2 803 0005 50 6 
430 
Day29 i 
Normoxic HypOXIC I 
Lam Lam. Lam Lam. 
Length Nos Area At ea Leng1h Nos. Area At ea 
-26.12 10580 0.0044 46.55 23 74 6158 0.0071 43 7218 
27 44 13580 00038 51 33 23.51 C">J'n vL..-.,v C.C062 38 7376 
2t.86 i40UO 0.0051 t1.4 23.4 6678 00041 31 3866 
27.1 6 11654 0.0047 54.77 23.85 6874 0.0071 48.8054 
27.56 14522 0.0043 6274 24 61 6986 00089 621754 
27.23 12867 0.0045 57 36 23 822( 6589 00068 44 96536 
0.668 1676 0.0005 9 821 0.47536 370 0 0015 11 57201 
Day35 
Normoxic Hypoxic 
Lam Lam. Lam Lam. 
Length Nos. Area Ate a Length Nos. Area Area 
29.45 16520 0.0069 114 23 57 6288 00058 36.47041 
32.07 18550 0.0074 137 5 24.1 6155 00071 43.7076 
30.41 14854 0.0076 113.2 25.45 7358 0.0142 104 4836 
2988 15522 0.0065 101 .2 23 51 6284 0.0052 32.6768 
30.15 16054 0.0071 114 23.87 6580 00076 50.1396 
30.39 16302 0.0071 116 24 1 6533 0.008 53.4956 
1 003 1406 0.0004 13 21 0.79126 487 0.0036 29 28363 
Day41 
Notmoxic Hypoxic 
Lam Lam Lam Lam 
Length Nos. Area Ate a Length Nos. Ate a Area 
3345 18620 0.008 149 25 95 7876 00122 96 0872 
33.56 17924 00079 141 6 25 7 7115 0.0136 96.764 
33 47 18946 00079 149.7 25.48 7226 0.0125 90.325 
30 16424 0.0068 i 11 7 25.1 i 7158 0 01 71.58 
31 49 17866 0.0071 126 8 25.84 7160 0.0154 110.264 
32.39 17956 00075 135 8 25 616 7307 0.0127 93 00404 
1 595 971 7 0.0006 16.29 0 33291 321 0002 14 03314 
431 
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Table 06. Changes m Larval Red Blood Cell Proportions fo1 0 myf...i -s rv1lh 
1 
Development 
DayO Day 2 
Normoxic Normoxic Hypoxic 
Leng1h Weight %Rbc Ler1gth Weight %Rbc Lt>r1gth Weight %Rbc 
1 16.07 23 5 0.91 17 63 31.2 084 17.1 21 4 0.84 
---
2 16.67 25 1 09 17 28 7 087 17 32 30.7 0.86 
3 16.82 24 2 085 17 27 303 078 17.98 31 9 0.81 
4 16.57 25.3 0.9 16.74 28.6 0 85 16.39 32.4 0.9 1 
5 16.5 23.4 0.97 1659 26.8 0 81 17.42 33.1 0.86 
6 16.21 25.7 0.87 16 98 -29 0.78 17.27 30 4 0.8 
7 1619 23.8 092 17 03 32 8 0 79 17.07 ~~" .:::, .:> 0.76 
8 16.22 23.5 089 17 12 29.2 0.84 16.52 28.4 0.86 
9 16 36 24 7 09 17 18 29 8 09 16 98 26 4 0 8Ll 
10 16 32 23.9 0 91 17 07 30.1 0.81 17.8 30 8 073 
Me~n 16.393 24.31 0.902 17.061 29.65 0.827 17.185 30.48 0.827 
St. Dev 0.2397 0.834599 0.032 0.283096 1 6236 0.04 0.4975 1.998221 0 053135 
Varience 0.0575 0.696556 1E-03 0 080143 26361 0.002 02475 3 992889 00028233 
Day 8 
Normoxic Hypoxic 
Weight Length %Rbc Weight Length %Rbc 
1 47 9 19 89 0.421 296 16 87 0.71 
2 42.8 19 68 036 458 19.25 0 67 
3 57.6 20.56 039 34 6 17 89 058 
4 38.6 18.1 0.48 40 18.68 0.61 
5 42.6 19.11 0.36 40.3 18.77 0.64 
6 40.2 18.67 0 38 36 4 18 78 0.66 
7 44.5 19.58 0.41 43.5 19.22 0.57 
8 41 .i 18.55 0.43 391 18.34 OS1 
9 47.9 19.22 0.34 40 1 18 65 062 
10 43 8 18 57 0 43 38 4 18 99 068 
Mean 44.7 19.1 93 0.4 38 78 18544 0.625 
St Dev 5.4383 0.746757 0 042 4 530833 0.712 006 
Va11ence 29576 0 557646 0002 20 52844 05069 0 OOt:l" 
Day 17 
Normoxic HypOXIC 
Length Weight %Rbc Length \".'eight %Rbc 
1 22.68 78 3 0.18 22.1 68.4 0.31 
2 23.78 90 6 012 21 67 70.1 0.34 
3 24.1 2 99.1 0.1 21 .67 54.2 0.28 
4 22.97 80.1 0 16j 2243 74.3 0.27 
5 22.7 78 6 0171 21 .02 61.2 035 
6 23 01 84 5 02 21.78 67 5 OAi 
7 23.44 86.9 0 14 21 .9 70.1 0 36 
I ___ !i 2412 100 1 011 21 87 70 45 028 
-r 9 24.23 98 f 0 14; 21 47 61 3 0.24 
10 22.42 74 -~ 0.11 21 54 50.3 0.25 
iMean 23 347 &7 08 0 i43l 21 155 66 r85 0309 
St Dev 0 679 9 614741 0 0341 0 373965 4 7728! 0 055 
;V~ncncc 0.461 92 ~4322 o.oo: 0 13985 22 78 0003 
h 
,,.,_:_L. .. ..._... _____ .,._ 
-
. .. 
-
h 
- - -•1-
"""" \'Yt"IUtlt fllt::'Cl.~UI"":"ITh:"OlS I f Tty ,..,11 Lt:ll~ill 
J rTicasu:~r'i"',c; ts ' , rnm 
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DayS 
Normoxic Hypoxic 
Ltz.r.qih V.'eigh1 %Rbc leng1h \.Veigh~ %Rtx: 
' t? 42 30.2 0.58 17.37 3U.4 0.1:57 I 
2 16 98i 28.7 0.69 11.96 27 8 0.71 
3 18 41 37.5 057 17.98 28 9 0.75 
4 17.04 30.1 0.64 16.42 26.7 0.67 
5 18.21 39.6 0.68 16.97 29 5 0.68 
6 17.81 28.9 0.71 17.84 34.2 0.71 
7 17 5 30.9 0.63 17.72 35 059 
8 17.21 31.1 0.65 16.99 28.4 0.67 
9 17 85 32 059 17 53 31 f) . 0 76 
10 17.64 34.6 0.68 18 02 37.6 0.78 
Mean 17.607 32.36 0.642 17.48 31.01 0.699 
51. Dev 0.4t47409 3.6945 0.049 0.53724 3.538188 0.056 
Varience 0.2253789 13.6493 0.002 0 28862 12.51878 0003 
Day 11 
Normoxic I Hypoxic 
Weight Length "/.,Rbc Length Weight %Rbc 
i 47.6 19.87 0.31 18.94 40.2 0.5 
2 57.1 21 .04 0.27 19.23 459 0.48 
3 48.2 19 58 0.34 18 67 41 6 0.6 
4 45 19.34 0.31 19.89 47 3 0.48 
5 52.6 20 8"/ 0.29 1956 44 5 0.41 
6 42.8 19.8 0.34 19 45 47.2 0.54 
7 54.6 20.54 0.29 19.28 492 0.62 
8 461 19.78 0 31 ·,g 2 441 055 
9 ~7 6 19.68 0.37 19.66 486 0.57 
10 598 20.04 0.34 19.78 491 05 
Mean 50.1 4 20.054 0.317 19.366 45.77 0525 
St Dev 5 5875258 0 56982 003 0 37954 3.128383 0 063 
Van<:> nee 31 220444 0 32469 9E-OLI 014405 9 786778 0004 
Day20 
t.JormOXIC Hypoxtc 
'Length Weight %Rbc Length Weight %Rbc 
1 22 17 78 3 0.1 22.3~ 71 6 o:n 
2 2412 96 4 0091 2317 81 7 018 
3 23.8 91 .6 0.11 22.45 801 0.24 
4 24 95 8 013 2268 765 0 .21 
c: 
..., 22.87 81 6 0.09 21 87 G67 0.26 
6 23 58 ,... . .._ :;)<i L 0.08 22.35 70.1 03 
7 24.71 103 5 0.12 22 5 69 4 0 .24 
-- - -
-
-- - --8 24 31 100 8 01 21 97 64 2 0 24 
---- -- --9 ?C: 1 1.-..J. I 109 4 cog 2248 c" p -..v 02 
10 24 22 95 3 0.14 22.95 80.2 0 .19 
Mean i 23 948 94 69 0 l05l 22..477 72 53i 0.233 
St Dev 0 731!25-1 9 3l:30? (' 02 0395 E 530577 003P 
Va11ence 0.5391289 87.2921 4E 04 0.15602 43.95456 0.001 
433 
Day26 
Normoxic HypOXIC 
Length 1Weight %Rbc Length Weight %Rbc 
1 25.311 126.5 0.01 22.69 74.2 0.14 
2 27 24 151 6 0 23 45 81 6 012 
3 25 34 110.3 0 24.1 986 01 
4 25.48 124.3 0 23.85 84.2 014 
5 26.55 128 6 0 22.64 71 3 017 
6 24.88 108 3 0.02 22.68 76.2 018 
' 
7 26 8 139 .7 0 22.85 79.3 011 
8 24.98 115.9 0.01 23.1 2 81 6 0.09 
9 26.55 136 .7 0.02 22.64 791 01 
10 2533 124 3 0 22.85 836 013 
Mean 25 847 126.62 0.006 23.087 80.97 0128 
St. Dev. 0.848882 13.45063 0.008 0.53504 7.433714 0 03 
Varience 0.720601 180.9195 7E-05 0286268 55.26011 9E-04 
Day '1 4 
Normoxic Hypoxic 
Weight Length %rbc Length Weight %rbc 
1 74.3 22 57 018 20.44 52.6 0.41 
2 71 .6 22 82 0.21 20.68 49.7 0.39 
3 64 2 21 55 019 21 .47 563 0.4 
4 76.1 22.65 0.15 21.87 581 0.44 
~ 78.3 22 9 02 20.68 50.2 0 31 
6 57 2 21 04 024 21 57 561 0 34 
7 70 5 22.77 0.22 21.22 60.1 0.45 
8 73-, 22 87 0.28 20 87 503 0 47 
9 74.8 22 34 0.24 21 78 591 0.41 
iO 76. 2214 019 21 64 67 8 038 
Mean 71 62 22.365 0.21 21.222 56.03 OA 
St Dev. 6 39875 0 624202 0037 0.51764 5 652345 0 049 
Varience 40944 0 389628 0 001 0 267951 31 94R 0 002 
Dny23 
Normox1c ' Hypoxic 
I Length :v.'e1ght ~~rbc Length IV.'e1oht ~~ibc 
1 25 ? 115 11 004 21 98 10 9 0 21 
2 25- 120 6 0.02 21 .68 61 SI 02 
3 25.78 135.5 0 241 87.61 0.18 
41 25 91 131 7 0 22.34 801 0 23 
51 24 351 94 6 0.05 22.66 74.3 017 
(j 24 3' 100 8 0.03 22.89 76.5 018 
-.I 11 23.89 82.9 0.04 22.47 67.9 0.24 
gj 2536 100.7 0 01 27 <;~ 87.2 015 
----ii-- V vV -- --24 67 107 3 0.02 23.68 94.5 02 
10 24 82 98 7 004 :?3 12 81 5 014 
Mean 24 SfW 108 83 0025 ?2 8.:18 r8 2 i 0 i91 
51 Dev 0 E9270.5f 16 7722 0 018 0 774336 10 03654 0 031 
Van0nr:e f' G9L~l ?81 3~SR 3F oa 0 SR9S95 100 7321 1F 0~~ 
434 
Day29 
Normoxic Hypoxic 
Weight %Rbc Length Weiaht %Rbc 
1 168.7 0 2:4.55 86.3 " /'11> v .vv 
2 150.3 0 239 84.2 0.06 
3 128 4 0 24.68 100.8 0 07 
4 142.5 0 25 118.4 0.1 
5 184.3 0 23.12 80.3 007 
5 189.6 0 23.81 78.6 0.05 
7 136.2 0 24.23 128.6 0.06 
8 120.8 0 24.2 119.7 0.03 
9 132.4 0 24 110.2 0.02 
10 162.4 0 23.82 96.1 0.04 
Mean 151 .55 0 24.131 100.32 0.058 
S1. Dev. 23 803604 0 0.531151 18.095 0.0239 
Varience 566.61156 0 0.282121 327.43 0.0006 
Day35 
Normoxic Hypoxic Norm ox 
Weight %Rbc Weight 
1 100.7 0 174.3 
2 89.6 0.03 289 6 
3 S7 3 0 01 277.6 
Ll 100.6 002 236.5 
~ 110 0 288 1 
6 91.2 0.01 200 5 
7 124 1 0 169 6 
8 89.6 0 307 5 
I .... 106 8 0 
"' 
250.1 
10 98 6 002 274 
Mt?c.n 100.9 0.009 246.78 
1St Dev. I I 10 67 0 011005 I 49 875 
Varil?n('e 113 7 0 000121 2487 5 
435 
Day32 
~Normoxrc I 
Weigh1 J%rbc Leng1h Wergh1 j%rbc 
128.61 0 2~.64 1:)0.1 I 0.02 
203.4 0 23.41 !32.6 0 03 
217 3 0 "~ "'" .Cv.UL "~. OV I 0 
138.9 0 23.771 76.3 003 
142 6 0 24 68 101 9 005 
198.6 0 24.36 104.8 0 04 
138.6 0 23.87 997 002 
150.6 0 24.31 100.1 
140 0 23.68 83.7 0.02 
181 .6 0 24 351 118.6 004 
164 02 0 24 009 95 79 0027778 
32.73126 0 0.547732 12.79595 0.01 4814 
r 1071 .33t>J 01 0 300011 163.73661 0 000219 . 
Day3S 
lo;, Rbc 
1Hypox1c I ( IC 
0 :> ........... : 
0 12i .5 0 
0 9i 4 oj 
Ol 109 4 0 
0 120.4 0 
0 110 8 0 
ol ~ oi 0 -- a· 4 
0 iOO.S 0 
Dl 118 9 u 
0 121 8 0 
0 113.76 r. 'J 
0 111i078 0 
0 123 4493 0 
436 
DayO 
Normox1c HypOXIC 
Length Weiqht %Vase Lenoth 
1 16.3 2818 41 35 
2 16 42 25 8 37.61 
3 16 31 25 2 45.7 
4 16 17 24 52 436 
5 16 73 27 49 399 
Mean 16.39 26.238 41 632 
St Dev 0 212 1 5459 314qs 
Var. 0.045 2.3899 9.9194 
DayS I 
hiormoxic Hypoxic 
Length !Weight % Vase Length Weight 
1 20.14 51 3 4021 18 87 39.9 
2 20.57 551 43.2 17.62 31 .7 
3 19.48 45 8 43.1 19.12 41 7 
4 18 68 398 42.1 18 64 38.3 
5 18 81 408 38.1 19.24 42.6 
Mean 19 54 46 56 41 342 18.7 38.84 
St.Dev 0 821 66116 2 1742 0 646 4 3218 
Var 0674 43 713 4 7273 0.417 18.578 
Day 17 
Normoxic Hypoxoc 
t--, Length We1ght %Vase ~~Weight 2268 76 4 38 6 2015 49 7 
2 23 74 89 1 28.3 21 741 54 2 
3 22 97 79 8 37.5 22 OBI 67 7 
4 23 .05 80 71 401 20.941 566 
5 23.1 81 3 36 4 21 03[ 57 4 
Mean 23 .11 81 46 36 18 21 i9_i ~-- ..... ::>~ IL:: 
St Dev 0 389 4 67261 4 61271 0.7521 7 0262 
Var 0 151 21 823 . 21 277 0 566l 49 367 
Day 261 
Normoxic HypOXIC 
Length %Vase Length Weight 
1 25 7 . 22 57 729 
2 24 32 . 23 5 83.5 
3 24 8 . 23 .92 88.6 
4 25.78 . 23.41 824 
5 26 28 . 22 76 74 9 
Mean 2538 UDiV/01 23.23 80.46 
St.Dev 0 796 f #DIV/01 0 556( 6 4678 
Var 0633 ?'DIVi OI 0 309 41 832 
437 
%Vase 
%Vase 
51 6 
54.2 
51 6 
49.3 
48.1 
50.96 
2 3586 
5563 
0/o Vase 
501 
48 9 
4t.5 
458 
50.2 
48 7 
1 5248 
2 325 
%Vase 
20.6 
14 3 
18 3 
15.1 
273 
1912 
5.2242 
27.292 
Tc.ole D7 Changes m Yolk-sac 
Vasculature w1th Development 
lfor 0 myJ..1ss 
I_ 
All Weoght Measurements are 
on mg All Lerogth 
I Measurements are m mm 
%Vase. refers to the 
I propo:'110il o! •.;ascu!ature over 
the whoie yolk-sac 
I 
_I 
Day2 DayS 
Normoxtc Hypoxic Normoxic Hypoxic 
Length Weiqht %Vase Length Weigh %Vase Length Weight %Vase Length Weight %Vase 
16.89 28.38 44.6 16.87 27.3 55.2 18 21 36.5 42.6 18 31 36 51 .2 
17.28 30.65 41 .6 16.81 27 47 3 17 98 35 41 8 16.87 27.3 50.3 
17.54 32.22 37.9 17.24 29.4 51 .8 17.65 32.9 43.6 18 34 49.7 
I 17 04 29.24 41 8 17 55 31 2 524 18 22 366 42.1 17 84 33 50 3 
16.87 28.27 46.7 17.34 30 57.6 18 01 35.2 403 17.91 33.4 51 5 
17.12 29.75 42.52 17.16 28.98 52.86 18.01 35 24 42 08 17.79 32.74 5062 
0284 1 676 3 3357 0.315 1 795 3 8792 0232 1.498 l 2071 0543 3 2524 0 7662 
0.081 2.81 11 .127 0.099 3.222 15.048 0.054 2.243 1.457 0.294 10.578 0.587 
Day 11) Day 14! 
Normoxic Hypoxic Normoxic Hypoxic 
Length Weight %Vase Length Weigh %Vase Length Weight %Vase Length Weight %Vase 
20.21 51.9 41 .3 18.46 37 48 .9 21.68 65.7 39.4 2034 51 .3 49.6 
19.87 49 43.6 19.61 45.4 51.3 21.48 63.7 37.8 20.74 54.8 46.2 
21.41 63 41 8 18.87 39.9 50.1 22.85 78.4 41 .3 21 .38 60.7 51 .7 
20.58 55.1 36.81 19 .23 42.5 48.9 23.04 80.6 405 19.88 47.5 53.8 
20."39 53.5 38.79 18.94 40.4 50.6 21 .59 65.8 40.8 20.87 56 48.6 
20.49 54.5 40.458 19.02 41 .04 49.96 22.15 70.84 39.96 20.64 54.06 49.98 
0.576 5.259 2.6714 0.429 3.129 1 0574 0.735 7 .988 1 3939 0.565 4 9762 2 9107 
0.332 27.66 7.1363 0.184 9.793 1118 0 541 63 8 1 943 0.32 24.763 8.472 
Day20 Day 23f 
Normoxic Hypoxic Normoxtc Hypoxic 
Length Wetght %Vase Length Weigh %Vase Length Wetght %Vase Length Weight %,Vase 
21 .85 67.4 34.6 22.61 73.3 45.2 23.85 22 71 74 4 37 .5 
23.67 88.3 29.7 22.34 70.4 47.3 23.74 . 22.41 71 1 31 .9 
23.64 87.9 22.6 21 .87 65 5 408 24 9 . 22.6 t1 40.1 
22 7 76.7 36.4 22.91 76.6 39.7 23.72 . 21 .89 65.7 38 7 
24.31 96.5 19.8 21 .62 63 43.7 24 62 . 23 41 82.4 26.4 
23.23 83.36 28.62 22.27 I 69.76 43.34 24.17 #DIV/0! 22.56 72 92 34 92 
0963 11 37 7.2713 0527 5 558 3.12141 0.553 #DIV/0! 0557 6.1479 5.6896 
0.928 129.2 52.872 0.278 30.89 9.743 0306 #D!V/0' 0.31 37.797 32.372 
Day29 Day 32f 
Normoxic Hypoxic Normoxic Hypoxic 
Length %Vase Length Wetgh~% Vase Length %Vase Length %Vase 
27.34 . 22.86 76.11 1 B 9f 30.24 ,. I 23 85 . 
25 8 . 22.53 73.5 12.8 28.47 . 24.51 . 
27.98 * 24 3 . 28.62 . 25.52 • 
28.91 . 24.81 . 28 . 24.6 ~ 
26 6 . 23 89 . 27 38 . 24.28 
27.33 f/DIV/01 23 7 15 85 28 54 #DIV/Ot 24.57 #DIV/01 
1.203 #DIV/01 0 933 4.3134 1 065 #DIV/0' 0.614 #DIV/0! 
1.448 #DIV/01 087 1e 605 1.135 #DIV/01 0 377 #D!V/0! 
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-Normoxic 
Weight (mg) 
1 23.8 
2 24.16 
3 24.3 
4 24.2 
5 268 
6 29.7 
7 33.4 
8 36.7 
9 41.2 
10 36.4 
11 42.5 
12 41 .3 
13 50.7 
14 55.3 
15 61 .4 
16 67.1 
17 683 
18 64.8 
19 73.4 
20 75.6 
21 79.2 
22 80.1 
23 81 .8 
24 83.8 
25 90.2 
26 87.6 
27 90.9 
28 93.8 
29 985 
30 97.6 
31 103.8 
I 32 106.4 
33 111.2 
34 109.6 
35 119.4 
36 120.3 
37 129.7 
38 134.2 
39 171 .6 
40 181.9 
41 i93.7 
42 210.61 
43 231.8 
44 264.3 
45 308 4 
- - - - -
.Cntical Oxygen Routine Oxygen 
Tension (mg/1) Consumption (mg 
loxygen/hourftndivtdual) 
[ 
9 47 0008 
8.78! 0.0064 
9 00079 
8.5 0008 
8 67 0007 
8.87 0.0082 
8.4 0.0097 
8.67 0.013 
7 54 0.014 
8.73 0.01 
7.35 0.016 
7 3tJ 0.013 
6 85 0016 
6.2 0.018 
5.96 0 017 
6.01, 0.016 
53 002 
SA 0.016 
4 97 0.02 
5.23 0.019 
4 87 0.024 
4.68 0.026 
4.92, 0024 
4 87 0.021 
4.23 0.024 
4.87 0.027 
3 99 0.026 
4.21 0.027 
3 6 r 0029 
3.C4 0028 
2.88 0 03t 
3 871 0.028 
2.42 0038 
24i 0 032 
2.67 0.042 
3 01 0 037 
278 0.034 
3.lb 0038 
2 98 0053 
2 37 0 05 
2 94 0 05 
2.57 0048 
2Cl. 0.065 
2 ss 0071 
V 0063 
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Spectfic Oxygen 
- 1 
---
I 
I 
Consumption (mg oxygen/g 
we1 wetghtlhour) 
0.3361 
0.265 
0.3251 
0.331 
0 2612 
0.2761 
0.2904 
0.3542 
0.3398 
0.275 
0.3765 
0.315 
0.3156 
0.3255 
0.2769 
0.238 
0.293 
0.247 
0.273 
0.251 
0.303 
0 325 
0.293 
0.251 
0.266 
0.308 
0.286 
0.288 
0 294 
0.287 
03564 
0.2632 
0 3417 
0.292 
0.3518 
0.3076 
0.2621 
0.2832 
0 3088 
0.2749 
0.2581 
0.2279 
02804 
0.2686 
0.2043 
Treated 
Weight Critical Oxygen IRoutine Oxygen Specific Oxygen 
(mg) Tension (mg/1) lecnsump1ion (mg Consumption (mg 
oxygen/hour/individua oxygen/g wet 
I) weight/hour) 
1 0.4 7.8 0.00148 3.7 
2 0.7 7.4 0.00267 3 81 
3 1 7.6 0 00197 1.97 
4 1.1 6.9 0.0036 3.273 
5 1.6 7 0.0043 2.69 
6 2.4 6.12 0.0056 2.333 
7 3.5 6.1 0.0079 2.257 
8 4.3 6.72 0.0117 2.721 
9 4.9 6.88 0.0121 2.469 
10 5.5 7.2 0.0146 2.654 
11 9.7 ...-- .. ·· .... "'. .. .. .... ., 
12 11.4 .... fl; ... ~'""""'~" . .... ~..- -
13 12.6 *:ll:ll<f'"- -~,_,.. .......... 
14 13.8 ..,~,.. ... ... . ,.~- ti'T>t"- .. 
15 175 4.97 0.0248 1.417 
16 19.6 4.3 0.0201 1.0255 
17 26.8 3.84 0.0183 0.683 
18 30.1 3.14 0.028 0.93 
19 34.8 3 94 00281 0.807 
I 20 39.7 2.42 0.0264 0.665 
21 51.6 2 03 0.0305 0.591 
22 59.1 2.17 0.0364 0.616 
23 69.1 1.98 0.0402 0.582 
24 84.3 1.87 0.0538 0.638 
25 156 214 0 0567 0353 
26 167 2 34 0.067 0.4012 
27 237 1.92 01134 0~78 
28 317.2 1 89 0.138 0.435 
29 421 .6 2.14 0.1286 0.305 
30 361.2 2.31 0.1412 0.391 
[Table D9. Respirometry Results for 5. maximus Exposed and Unexposed to-1 
~ henylhyd razi ne. 
--- ------- --
Un1reated 
Weight (mg) C ritical Oxygen ! Routine Oxygen ~~pecific Oxygen 
Tension (mg/1) 1Cons:;mp1ion (mg 
1
Consump1ion (mg o>.ygen/g 
~ oxygen/hour/individual) wet weight/hour) 
: 
1 0.4 7.5 0.00164 4 1 
2 0.7 7? . . v 0.00142 2.03 
3 1.1 7.2 0.00341 3 1 
4 1.8 6.4 0.0042 2.333 
5 2.1 6.3 0.0048 2.286 
6 2.9 6.4 0.0062 2.138 
7 3.4 6.2 0.0068 2 
8 3.1 4.8 0.00542 1.748 
9 4.3 54 0.00634 1 474 
1() 
IV 5.6 4.1 0.0072 1.286 
11 6 3.6 0.01148 1.913 
12 12.11 3.04 0.0106 0.8744 
13 14.2 3.2 0.01 95 1 371 
14 13.4 2.8 O.Oi47 1.097 
15 15.8 2.7 0.0215 1.359 
16 21 .6 2.5 0.0264 1.2222 
i7 20.1 2.48 0.0198 0.9871 
18 29.1 2.1 Lj 00269 0.9244 
191 32.4 2.081 0.0279 0.861 1 
20 548 2.31 0.0423 0.7719 
2i 56.4 2.07 0.0438 0.7766 
22 57.9 1.58 0.0476 0822 
23 73.8 1.96 0.0529 0.7164 
24 79.2 2.02 0.0435 0.5492 
25 106.8 1 981 0.0518 0 485 
26 231.4 26 0.1183 0.5113 
27 237.5 1.1 0.113 0.4758 
28 276.1 1.93 0.1086 0.3933 
29 331.8 1.76 0.1094 0.3297 
30 350.1 1.82 0.1421 0.4059 
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